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ABSTRACT
CONDENSATION POLYMERS WITH REGULARLY-SPACED STRONGLY-
SEGREGATING FUNCTIONALITIES
SEPTEMBER 2001
JOEL D. SCHALL, B.S., BOWLING GREEN STATE UNIVERSITY
PH. D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Jacques Penelle
Two different series of condensation polymers were synthesized. Synthetic
chemistry was used to obtain polymers with well-defined architectures; specifically,
linear polymers were made with regularly-spaced "defects" along the polymer backbone.
The resultant structures—both the fluorinated polyesters and the carboxylate ionomers—
were characterized initially in terms of their crystal structures. It was found that
fluorinated segments, when incorporated as "defects", did in fact perturb the polymer
crystal packing; however, exclusion of fluorine from the crystalline regions did not occur
for the systems studied. The polyesters did exhibit interesting surface properties, but
these properties could not be explained solely on the basis of polymer chemistry. The
carboxylate ionomers synthesized showed evidence of controlled crystal architecture.
Their characteristic X-ray diffraction peaks were found to be directly dependent on both
the number of carbons between neighboring carboxylate species and the identity of the
counterion, suggesting the possibility of continuous lamellar clustering of the ionic
species.
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CHAPTER I. INTRODUCTION AND BACKGROUND
1.1 Overall Objective
One of the fundamental problems in the materials science of any material involves
the determination of the relationship between structure and properties. "Structure" can be
described in terms of the material's chemical composition and its crystalline morphology.
In order to further explore the relationship between chemical structure and physical
properties in the area of polymer science, this dissertation will examine the influence of a
controlled chemical structure on the way in which a series of polymers will crystallize.
The polymers' properties will also be examined and when possible will be correlated to
their crystalline morphology.
Based on well-characterized polymers such as polyethylene and polystyrene, it is
known that the chemical structure of a polymer plays a significant role in determining its
crystalline morphology. For example, while polyethylene adopts a planar zigzag
conformation with orthorhombic packing to maximize van der Waals interactions, a
polymer with a more substituted backbone, such as polypropylene or polystyrene, will
adopt a helical conformation to diminish 1,3-nonbonding interactions. Another factor
which affects a polymer's crystalline morphology is backbone symmetry. An illustration
of the influence of symmetry is tacticity; while syndiotactic polystyrene is crystalline, the
atactic (and thus asymmetric) equivalent is amorphous. Similarly, a polymer with a high
percentage of non-crystallizing "defects" along its backbone will also have insufficient
symmetry to form a stable crystal lattice. If, however, such "defects" are placed at long,
regular distances, local symmetry is not disrupted and the effect on the crystal lattice
I
becomes less elear. A former student in our group, Cedric Le Fevere, has examined this
type of system for the case where the "defect" is a short alky] branch; 1 he has shown
some control over the crystalline lattice in such systems, based upon the spacing between
neighboring branches.
Short alkyl branches, however, provide a relatively weak disruptive force on a
polyethylene-like crystal; for example, linear low density polyethylene (LLDPE),
although it contains multiple short alkyl branches, can still adopt a planar zigzag
conformation with orthorhombic packing. This dissertation will examine the effect of
strongly-interacting "defects". Two specific systems with such defects will be explored;
the first, a series of linear polyesters, incorporates alternating perfluorinated and
hydrocarbon segments. This system is of interest due to the difference in fundamental
physical chemistry between the two segments—this will be explained in more detail later
(Sections 1.2.1 and 1.2.2). The second system which will be examined is a series of
polyethylene-like ionomers, in which a strong contrast exists between ionic and lipophilic
domains; the ionic species in the polymer will be separated by aliphatic backbone
segments of defined length. The synthesis of the ionomers is based on malonate
condensation chemistry. An effort to obtain polymers with fluorinated branches based on
this same chemistry will also be described. The goal for both the polyester and ionomer
systems, as suggested above, is to explore the effects of chemical composition and
substitution pattern on the crystallization behavior and consequent properties of these
systems. Specific properties that may be of interest include surface behavior of the
fluorinated polyesters and the thermal and mechanical behavior of the polyethylene-like
ionomers.
2
1
.2 Strategy for This Dissertation
One motivation for the project presented herein is the desire to obtain a polymer
with polyethylene-like crystalline morphology, but with control over the relative
chemical compositions of the crystalline and amorphous regions. This project
consequently involves a combination of polymer physics (knowledge of crystallization
mechanisms) and polymer chemistry (control of chemical composition). There are a
variety of chemical "targets" which could be desired at a polymer fold surface (i.e., in the
amorphous region); possibilities include hydrocarbon branches, 1 bulky substituents,2
hydrogen bond forming moieties,3 or, for the case in point, polar or ionic species. Each
of these target functionalities, if successfully excluded to the lamellar fold surface (or,
more generally, to the amorphous regions of the semi-crystalline polymer), will exert
n
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Figure 1. 1 Schematic view ofpossible crystal thickness control provided by the presence
ofvarious kinds ofdefects introduced at regular distances along the backbone.
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some influence on the overall crystalline behavior and hence the material properties of
the resultant polymer. Figure 1.1 shows a schematic illustration of controlled lamellar
thickness based on systems with regularly-spaced functionalities.
The first portion of this dissertation will focus on the incorporation of fluorinated
segments into a polyethylene-like matrix (Figure 1.1c). There are two primary reasons
for introducing fluorinated segments at regular distances into an aliphatic polymer. One
of these reasons is the favorable surface properties (wettability, adhesion, etc.) commonly
associated with partially fluorinated polymers (see Chapter 4); this topic will be discussed
in more detail later. The second reason is the presumed incompatibility of
perfluorocarbons and hydrocarbons in terms of their crystallization behaviors: while
poly(tetrafluoroethylene) (PTFE, Form IV) most commonly crystallizes as a 15/7 helix
with hexagonal packing, linear polyethylene (HDPE) typically crystallizes as an all-trans
planar zigzag with orthorhombic packing (see Section 1.3). In addition to the differences
in conformation and packing modes, hydrocarbons and fluorocarbons differ in cross-
sectional area, as shown in Figure 1.2. This difference is due to the much larger size of
Area per
Chain: 27.74 A :
(CHJ
2'n
18.24 A2
Figure 1.2 Cross-sectional area ofPTFE versus that ofHDPE.
the fluorine atom compared to the hydrogen atom; the helical PTFE conformation is
induced by both steric influences of cc,y-CF2 's and by dipole moment interactions. The
cross-sectional areas per chain given in Figure 1.2 are calculated by dividing the cross-
sectional area of the unit cell (based on published unit cell dimensions for each polymer)4
by the number of chains per unit cell.
If, as anticipated, fluorinated segments and aliphatic segments cannot co-
crystallize, then a polymer containing both of these segments is expected to be either
totally amorphous, or, if it is semi-crystalline, it should exclude one type of segment
(either fluorinated or aliphatic) to the amorphous region. That is, one of the segments—
presumably the shorter fluorinated one—will act as a non-crystallizable structural defect,
allowing control over lamellar thickness as illustrated in Figure 1.3. Successful exclusion
of fluorine to the amorphous regions could allow for extremely interesting properties; one
might envision a material with HDPE-like bulk properties (tensile strength, etc.) but with
PTFE-like surface behavior (non-wettability, solvent resistance, etc.).
The "target" illustrated in Figure 1.3 is only attainable, however, if the fluorinated
segments and aliphatic segments (connected by "neutral" ester bands in a polyester) are
indeed incapable of co-crystallizing. In other words, if a layered structure such as that
shown in Figure 1 .4 is capable of forming, successful exclusion of one type of segment to
the chain folds will not occur.
5
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Figure 1.3 Illustration of synthetic strategy. 1
Figure 1.4 Cartoon of a layered structure, with alternating planar zigzag (CH2) and
helical (CF2) segments.
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As a final note, if both segments are short, it will be impossible for one to be
excluded from the other. To obtain a semi-crystalline polymer, one segment (at least) in
the repeat unit must be long enough to form a stable crystal; i.e., the accumulated van der
Waals forces and resultant enthalpy of crystallization must fully compensate for the
energy penalty which arises from generation of a chain fold and for the loss of entropy
upon crystallization. In the series of n-alkanes, eicosane (C20H42), with a melting range
of 36 - 38 °C, is the smallest compound to be crystalline at room temperature. The target
structures will therefore include one long segment (the aliphatic one in this case) with a
length of 20 or more carbon atoms in the repeat unit; to encourage selective
crystallization of this segment, the other segment (the fluorinated one) will be made
shorter, with a maximum desirable length of 10 carbon atoms.
A similar philosophy to that presented above was used to identify the target
polymers for the second part of this dissertation. Again, one motivation for this part of
the project was to obtain a polyethylene-like crystal; in this case, however, the species to
be excluded was incorporated as a branch (or, technically, a pair of branches) rather than
a main-chain segment. Initial attempts, which will be described in Chapter 5, focused on
incorporation of fluorinated branches into the polymer; subsequent efforts were centered
on branches which contained carboxylate ions. The ionomers thus obtained exhibit some
very interesting behavior which will be described in Chapter 6. Based on the reasoning
above, a segment length of at least 20 carbons between neighboring ionic moieties (or
fluorinated branches) is again desirable to obtain the polyethylene-like polymer crystal.
In the case of the ionomers, if the ionic species are successfully excluded from the
polymer unit cell, the designed polymers will be the first example of an ionomeric
7
structure in which a polyethylene-like unit cell is maintained; in addition, the ions could
potentially form a continuous lamellar phase as opposed to the conventional "multiplets",
possibly resulting in ion conductivity (see Chapter 6). A lamellar structure allows both
the long, aliphatic backbone segments and the ionic sites to "be happy"—the aliphatic
segments can fit a normal HDPE-like lattice, while the ionic groups can segregate from
the hydrophobic main chain. In addition to possible conducting polymer applications,
these systems may find use on the basis of their thermal resistance, since lonomers in
general are known to possess good thermal stability. Finally, the regular structure of the
proposed ionomer system provides a simplified model that may allow a better general
understanding of traditional polyethylene ionomers with randomly distributed ionic
groups.
1.3 Background: Crystal Structure of Related Polymers
Polymer crystallization has been studied quite thoroughly; for more detail than
what is presented in this section, the reader is referred to any of a number of sources
covering the fundamentals of the field. 5
" 8 The polyesters synthesized for this dissertation
consisted of alternating segments of two different types: perfluorinated segments with
anticipated poly(tetrafluoroethylene)-like crystallization behavior, and linear aliphatic
segments with expected polyethylene-like behavior. In addition, the ionomers which
were studied have a backbone which is polyethylene-like. Consequently, to establish a
frame of reference for the data presented in subsequent chapters, it is appropriate to first
8
son
summarize the known characteristics of poly(tetrafluoroethylene) (PTFE) for compari
with the polyesters and high-density polyethylene (HDPE) for comparison with both the
polyesters and the ionomers.
1.3.1 Polyethylene Crystal Structure
Commercial polyethylene has several different forms, distinguished primarily by the
degree of branching on the polymer backbone. Low-density polyethylene (LDPE) has
the greatest extent of branching, followed by linear low-density polyethylene (LLDPE)
and then high density polyethylene (HDPE), which contains only 0.5 to 3 (mostly)
methyl branches per 1000 carbon atoms. 9 The polyesters presented in this dissertation
contain only linear, unbranched segments; consequently, the type of polyethylene which
is of most interest for comparison is HDPE. HDPE is semi-crystalline; its chains fold to
f7®
Crystal thickness
Amorphous regions thickness La
1 Sharp adjacent reentry
2 Loose adjacent reentry
3 Random reentry (switch board)
4 Tie molecule
5 Entanglement
6 Cham end or dangling chain
Figure 1.5 Crystal-amorphous stacking with proposed chain folding models (+ tie
molecules). 1
9
form planar lamellae as shown in Figure 1.5. Regions between lamellae are amorphous
and consist of chain folds, tie molecules, entanglements, and chain ends, as shown in the
figure. The thickness of the lamella depends on multiple factors, including crystallization
temperature, molecular weight, and branching when it occurs; some of these factors will
be discussed later. In the case of HDPE, the polymer chains within the lamellae are in
the form of planar zigzags. Specifically, the carbon chains are most often in an
orthorhombically packed all-torn* conformation with a carbon-carbon C-C bond length
of about 1.533 A and a carbon-carbon-carbon bond angle of about 1 12°.
00
Figure 1.6 Crystal structure of orthorhombic polyethylene; (a) general view of unit cell,
(b) projection of unit cell parallel to the chain direction, c. 6
As indicated in Figure 1.5, the chain axis (hereafter referred to as the c-axis) is
perpendicular to the surface of the lamella. Figure 1.6 shows a schematic of the
orthorhombic polyethylene unit cell. Polyethylene is also known to have other (non-
orthorhombic) crystalline forms, although the form described is the most stable. The two
metastable forms will be briefly described later.
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Crystalline unit cells can be defined by a number of parameters; in the context of
this dissertation, relevant parameters are the unit cell dimensions a, b, and c. The
parameters a and b are illustrated in Figure 1.6b; the dimension c is perpendicular to both
a and b and parallel to the chain axis. For orthorhombic high density polyethylene, these
parameters have the values a = 7.417 A, b = 4.945 A, and c = 2.547 A. The polymers
which will be presented below—including both the fluorinated polyesters in Chapters 2
through 4 and the malonate derivatives in Chapters 5 and 6—vary from (branched)
polyethylene in two senses: 1) the incorporated "defects" are spaced at tightly-
controlled, regular distances, and 2) the "defects" have a specific chemical structure-
either fluorinated or carboxylated—which differs from the polyethylene "matrix". The
term "defect" here will refer to any branch or segment incorporated into an otherwise-
aliphatic polymer which differs from the surrounding PE-like structure (called the
"matrix" for the purposes of this introduction).
As stated above, if orthorhombic polyethylene is subjected to physical stress or
pressure, two alternate crystal forms may result. While a goal of this dissertation is to
achieve the segregation of a non-aliphatic moiety to the amorphous regions of a polymer,
incorporation of this moiety can be expected to exert some stress on the polymer
backbone. (The effect may or may not be different from the effect of branching which
will be described in the next subsection.) Thus, if the strongly-segregating "defect" is not
excluded from the crystal, the aliphatic segments within the crystal may consequently
adopt a metastable crystal lattice similar to the monoclinic or hexagonal lattices of
polyethylene.
11
If polyethylene is physically deformed, a metastable monoclinic lattice may
result.
10
The chains retain a planar zigzag conformation within this lattice. The
monoclinic unit cell is defined by the dimensions a = 8.09, b = 4.79, and c = 2.53 A, and
(3 (the unit cell angle) = 107.90
.
4
The monoclinic lattice may be distinguished from the
orthorhombic lattice by the WAXS patterns—the orthorhombic cell has distinctive (200)
and (1 10) reflections at 20 = 23.9 and 21.5°, respectively. The second metastable lattice
formed by PE occurs at pressures greater than 3 kbar, near the melting point of the
polymer. Under these conditions, a hexagonal lattice may occur. 1112 Using the
orthohexagonal axis as a reference, the dimensions of the unit cell in this case are a =
8.46, b = 4.88, and c = 2.45 A. Again, the less stable polymorph is experimentally
distinguishable from the orthorhombic lattice by the characteristic WAXS signals of the
orthorhombic (200) and (1 10) planes. It is worth mentioning at this point that, as Section
1.3.2 will describe, perfluorinated alkyl chains tend to form hexagonal lattices;
consequently, the hexagonal PE lattice might be expected for the aliphatic sequences
rather than the monoclinic polymorph, even though the monoclinic form is typically more
stable. For a more detailed description of the two metastable forms of HDPE and also on
the crystal structures of LLDPE and LDPE, the reader is referred to the Polymer Data
Handbook4 and references listed therein. 10
" 12
1.3.1.1 The Effect of Branching
HDPE as described above is in some ways a model system, in that the polymer
chain consists of only CH2 chains with few defects in the chemical or morphological
structure. As the chemical structure is altered—e.g., by the introduction of branches to
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make LLDPE or by insertion of functional groups as in an aliphatic polyester-the
crystal morphology becomes more complex. Branches longer than just a methyl branch
introduce disorder into the polymer crystal due to steric repulsion. Both degree and type
of chain branching, together with molar mass distribution, strongly influence the degree
of crystallinity, lamellar morphology, density, and rheology of the polyethylene. 13 Short
chain branches (SCB) disrupt the crystallization process and limit the crystallite size,
acting as defects which are excluded from the polyethylene crystal, thereby increasing the
percentage of amorphous content at the expense of the crystalline content. Polymers with
high degrees of SCB's therefore have lower density and altered unit cell parameters, 14
although the effect is not seen if only small concentrations of SCB's are present. 15 In
commercial LDPE and LLDPE, the branches or structural defects are incorporated at
irregular distances along the backbone, with a statistical distribution of distances between
neighboring branches. Lamellar thickness is consequently influenced by only some
average value of the spacing between branches, and it may be altered by physical
conditions such as crystallization rate, annealing, etc.; i.e., the lamellar thickness is not
controlled strictly by the polymer chemistry.
A different result can be obtained, however, if the spacing between neighboring
branches is rigidly controlled. In our group, Cedric Le Fevere has shown control over
lamellar thickness for polyester systems having aliphatic branches that are regularly
spaced at 44-carbon intervals (not including the ester moieties). 1 His work is the first to
show chemistry-based control of polymer morphology for a polyolefin-like system such
as polyethylene; other researchers have successfully controlled the crystal thicknesses of
designed polypeptides and polyamides. In consideration of Cedric' s results, this
13
project was designed with polyolefin-like systems in mind; one aim of the project is the
incorporation of specific functional groups into a polyethylene-like matrix with
controlled chain folding.
:ers
1 .3. 1
.2 The Effect of Backbone Functionality: Aliphatic Polyesti
Since the polymers described in Chapters 2 through 4 are actually polyesters, it is
important to know what influence the ester functionality can have on the morphology of
an otherwise polyethylene-like system. Since some aspects of the target fluorinated
polyesters will be compared to polyethylene, it is necessary to establish that the crystal
morphology of a linear, aliphatic polyester—particularly including its conformation and
packing mode—is in fact similar to that of polyethylene.
Fuller has done extensive work on the crystallography of aliphatic polyesters. 1819
His results for oriented fibers suggest that, for polyesters with even numbers of carbons
between neighboring ester groups (such as those studied for this dissertation), the ester
groups induce a chain arrangement whereby the carbonyl groups on adjacent chains fall
in planes which are inclined relative to the fiber axis. 19 In addition, Fuller's data supports
a planar zigzag conformation for almost all of the even-numbered polyesters and suggests
equivalent lateral packing for a series of decamethylene-based polyesters; while the a and
b dimensions of the unit cells were each somewhat different than those of HDPE, there
was little variation in these dimensions for different even-numbered polyesters within a
homologous series. The crystal packing mode was found to be either orthorhombic,
monoclinic, or triclinic, depending on the relative positions of identical repeat units on
adjacent chains; this is in agreement with and is further explained by the "glide theory" of
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Schoon. 20 A detailed description of this theory will not be presented here; the reader is
referred to the original article or to the review included as part of Cedric Le Fevere's
dissertation 1 for more details. WAXD data obtained for several aliphatic homologues of
the fluorinated polyesters described by this dissertation suggest that orthorhombic
packing occurs for the relevant aliphatic polyesters (see, for example, the top two curves
in Figure 3. 1 , as well as WAXD data presented in the thesis 1 ).
In summary, the chemical structures of the segmented polyesters described in this
dissertation are similar to that of linear polyethylene; therefore, crystallographic data
obtained for the fluorinated polyesters will be compared to the known crystal structure of
HDPE. It is indicated by the references and data mentioned above that the presence of
the ester moiety in the studied systems does not alter the crystal packing mode or chain
conformation relative to that of polyethylene. This section has presented only the briefest
overview of polyester crystallography. A sampling of additional relevant references is
given at the end of this chapter. 21
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1.3.2 Poly(tetrafluoroethylene) Crystal Structure
PTFE is a commercially-available polymer; 37,000 metric tons were produced
commercially in 1994.4 In general, PTFE is typically very highly crystalline—its
equilibrium melting point is approximately 314 °C. In addition, PTFE generally has
unusually thick lamella, 31 often on the order of 1000 - 2500 A (PE crystallized from the
melt typically has a lamellar thickness of 300 - 400 A). 32 The related lack of
processability is a well-known problem associated with commercial manufacture of
PTFE products.
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PTFE exists in multiple crystalline forms, depending on temperature, pressure,
and thermal history. 4 Consequently, sample preparation greatly influences the percent
crystallinity and the crystalline form, thereby affecting a large number of material
properties. Table 1.1, adapted from the Polymer Data Handbook,4 summarizes the
different polymorphs of PTFE. As indicated by the table, Form IV is what is typically
Table 1 . 1 PTFE Crystallographic Data
Crystalline
Form
Conditions Chain
conformation
Packing
mode
Unit Cell Dimensions (nm)
a b c
Crystal
density
Form 1 >30 °C 15/7 Trigonal 0.567 0.567 >1.950 2.35
Form II < 19 °C H 13/6 Triclinic 0.559 0.559 1.688 2.30
Form III high pressure 2/1 Orthorhombic 0.873 0.569 0.262 2.55
Form IV 19-30 °C 15/7 Trigonal 0.566 0.566 1.950 2.74
anticipated for crystallization at room temperature and atmospheric pressure; the higher
crystal density is evidence of more efficient packing. A 15/7 helix (common to PTFE
Forms I and IV) is thus favored by the fluorinated segments of the polyesters investigated
here, if those segments crystallize; the lower density Form II is thought to be unlikely for
the polyesters, since the aliphatic segments of the polymer will favor a tighter (and
therefore denser) lattice. It is interesting to note that Form HI is a orthorhombic lattice in
which the chains adopt a planar zigzag (or "2/1 helix") conformation. Although this form
only occurs at high pressure, it may be an indication that fluorinated segments
incorporated into otherwise-aliphatic polyesters may not be completely incapable of
fitting a polyethylene-like lattice. PTFE Forms I (hexagonal) and II (pseudo-hexagonal)
will be difficult to distinguish from the hexagonal lattice of Form IV on the basis of the
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experimental techniques that will be used throughout this dissertation; while crystal
density distinguishes the different forms of "pure" PTFE crystals, that data cannot be
extended to the segmented fluoropolyesters described in Chapters 2 - 4. All three forms
share the JR absorption frequencies characteristic of a perfluorinated helix (CF2 wagging,
see Chapter 3). However, all three forms are quite different from the anticipated
orthorhombic HDPE-like lattice of the segmented polymers; therefore, the influence of
incorporated perfluorinated blocks on the crystal behavior of a segmented polyester may
be easily determined by WAXS and FTIR.
There is much more detail on PTFE crystallinity available in the literature; a
sampling of references is listed at the end of this chapter. 33 38 The important points
concerning this dissertation's focus are as follows: 1) perfluorinated chains are generally
expected to form helices at or near room temperature and pressure, and 2) if
crystallization is driven by perfluorinated segments at room temperature and atmospheric
pressure, a hexagonal or pseudo-hexagonal lattice may be anticipated.
1 .3.3 Polyethylene-Based Carboxylate Ionomers
Much of the relevant background on ionomers will be presented in Chapter 6.
The reader is also referred to the book by Eisenberg and Kim (which will also be cited
multiple times in Chapter 6) for an excellent summary. 39 In general, conventional
polyethylene-based ionomers are actually copolymers of ethylene and a comonomer such
as acrylic acid, maleic anhydride, etc.—i.e., a monomer which is readily converted to an
ionic species after polymerization. The structures which result therefore contain a
random distribution of ionic units along the polymer backbone. These ionic sites (along
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with the associated counterions) tend to aggregate into spherical clusters; the high
electron density within these clusters results in a characteristic SAXS signal in the
vicinity of 20 ~ 2° observed for almost all ionomers. These clusters have several effects
on the material properties of the ionomers. For example, most ionomers exh,bit two glass
transition temperatures-one corresponding to an area of restricted mobility ,n the
immediate vicinity of the ion clusters, and another corresponding to the surrounding
matrix. In general, the ion clusters behave much like fillers, with the anticipated effect on
loss modulus and other material properties (see the references cited in Chapter 6 for more
details). Finally, "conventional" polyethylene-based ionomers have an ion content of less
than 10 mole % (units defined in Chapter 6). At significantly higher ion contents, the
spherical cluster model breaks down; the areas of restricted mobility around clusters
begin to form a continuous phase, and the ionomer's two glass transition temperatures
converge. There is an upper limit to the ion content accessible by the copolymerization
mechanism; additional details can be found in the book by Eisenberg and Kim. 39
1 .4 Experimental Approach
1 .4. 1 Structural Defects Within the Polymer Backbone
The target polymers for the first part of this project are comprised of regularly-
spaced, perfectly alternating perfluorinated and aliphatic segments; in theory, the
fluorinated segments may be incorporated into the polymer backbone or substituted onto
the backbone as branches. The easiest synthetic route to achieve a regular structure with
the fluorinated segment in the polymer backbone involves polyesterification of a
perfluorinated diacid with a linear aliphatic diol; the structures which can be obtained by
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this method are of the general form 1. A fluorinated diol and aliphatic diacid could also
be used, although fluorinated diols are subject to elimination unless a CH2 is present
between each hydroxyl group and the nearest CF2 . Since for the case in question a
o
H
O
<CF 2)/y
n
OH
polyethylene-like crystal is desired rather than a PTFE-like crystal, the magnitude of "x"
in the structure 1 must be significantly higher than "y". As mentioned at the end of the
preceding section, it is assumed that x must be equal to at least 20 in order for 1 to form a
semi-crystalline, PE-like structure.
1.4.2 Structural Defects Attached as Branches (Outline and Approach)
An alternative to the incorporation of fluorinated segments into the carbon
backbone is the introduction of fluorinated or otherwise-functionalized branches along
the polymer chain. While layered -(CH2)x-(CF2)y- structures may be possible in the
former case (see Figure 1.6), such stacking is not possible with branched systems for
steric reasons—the sterically-constrained geometry about the quaternary carbon in the
polymer backbone (the one containing both branches) will prohibit local crystallization of
the "defects". Even without the influence of fluorine atoms or other heteroatom-based
functionality, aliphatic branches on an aliphatic polymer backbone have in fact been
shown to be excluded from the polymer lamellae. 1 On this basis, it is of interest to
synthesize a system with controlled placement of functionalized branches. Again, the
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fundamental objective will he to obtain a polyethylene like crystal based on long
aliphatic segments; however, in this ease the potential applications will be based on the
identity and conformation of the shorl functionalized branches.
Ruorinated branches .nay he attached to an acrylate polymer by means of surface
modification, although this method does noi allow for control of the branch placement-
i.e., the branches will he allaehed more or less at random rather than a. controlled
distances. Many aerylale-hased branched fluoropolymcrs have been made hy
modification of an existing polymer. 40
"42
With these systems one ean control fluorine
eontent hut not placement. An alternate approach to surface modification is
incorporation of a fluorinated branch into the monomer prior to polymerization. Many
commercial luhricants are made hy co- or terpolymcrization of small amounts of
fluorinated monomer with other vinyl compounds. 4 ' 47 Again, the nature of the
copolymerizalion is such that precise control of fluorinated branch plac ement eannol he
realized. However, homopolymcrization of a fluorinated AIMype monomer does allow
control over the distance between neighboring fluorinated branches, as does an AA-BB
type polymerization where one of the monomers contains fluorinated branches. The
synthetic route proposed for this work involves polymer synthesis via malonate
condensation. The obtained polymers have the general form 2. These polymers are made
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by condensation of a malonate ester with a dibromoalkane-regularly spaced fluorinated
branches may be introduced by using a fluorinated malonate ester or by
transesterification of an aliphatic polymer with a fluoroalcohol. The endgroups (denoted
by a "*" in 2) are generally either
-CH2Br or a monoreacted malonate (e.g., the leftmost *
in 2 would be a hydrogen atom); in addition, the structure 2 can be a cyclic oligomer or
may be endcapped by some impurity. The values of x and y in the structure 2 depend
upon the sizes of the fluorinated alcohol and dibromoalkane used, respectively. The
details of the synthesis will be presented in Chapter 5.
Another reason for interest in a structure such as 2 is the relative ease of
modification of such a polymer. There are many methods of modifying ester moieties; in
the case of 2, modifications produce "new" polymers which retain tightly controlled
spacing between neighboring functionalities. As the ionomer data presented in Chapter 6
will indicate, the resulting derivative polymers can be of even greater interest than the
fluorinated analogues. The regular spacing of the functionalized branches again presents
a method for potential control of the polymer crystallization.
1 .5 Summary
Two classes of "new" polymers having controlled chemical structure will be
presented in the subsequent chapters: the first class consists of linear polyesters with
perfectly alternating fluorinated and aliphatic segments of controlled lengths, and the
second consists of polyethylene-like polymers with regularly-spaced functionalized
branches. This introduction has presented a brief overview of polyethylene and
poly(tetrafluoroethylene) for the purposes of comparison with the "new" systems; it has
21
also briefly presented some background on polyethylene-like ionomers. This dissertation
will present the synthesis of these systems as well as their general and crystallographic
characterizations and their potential applicability.
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CHAPTER 2. POLYESTER SYNTHESIS AND GENERAL CHARACTERIZATION
2.1 Introduction
The first stage of this project deals with the synthesis of segmentally-fluorinated
polyesters and the relevant monomers. To achieve a polyethylene-like crystal in the final
polymer, the aliphatic segment (and hence the starting ct,G>diols) must be long enough to
form a "stable" crystal. In the series of n-alkanes, eicosane (the 20-membered alkane) is
the smallest compound which is crystalline at room temperature (Tm = 36 °C).
Consequently, to achieve a segmentally crystalline polyester with a polyethylene-like
crystallization scheme, it is desirable to start from linear, aliphatic monomers (either a,co-
diols or a,co-diacids) which are a minimum of 20 carbons in length. For the purposes of
this dissertation it was decided to avoid synthesis of fluorinated monomers if possible;
since fluorinated diacids are readily available from commercial sources, it was decided to
make the target polyesters from the commercial fluorinated diacids and to synthesize the
comonomer, a long aliphatic diol. There are a variety of synthetic routes available which
yield such diols; three of them will be described in Sections 2.2 and 2.3.
To ensure a complete understanding of the behavior of the fluorinated polyesters,
an analogous series must be synthesized: for completeness, several polymers are needed
with variations in the number of aliphatic backbone carbons and in the length of the
fluorinated segment. Once synthesized, the series of segmented fluoropolyesters must be
defined in terms of their molecular weights, melting points, solubility, and chemical
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structure. The applicable techniques include GPC, DSC, FTIR, and 'H-NMR; these
techniques are all well-known in polymer chemistry (and in chemistry in general), so a
detailed theoretical description will not be presented herein.
2.2 Results and Discussion
2.2. 1 Synthesis of Long-Chain Diols
The first step toward achieving segmentally-fluorinated polyesters was the
synthesis of oc,co-diols. As mentioned above, the minimum desired length of the diols is
20 carbons. There are a variety of approaches that could be used to synthesize such diols.
Two approaches based on the coupling of a,co-haloalkanols were selected from those
found in the literature; the selected methods involve either Wurtz or Grignard coupling of
an appropriately protected a,co-haloalkanol.u The Grignard approach, which was the
first attempted for this project and was published by Schill and Merkel,2 is illustrated in
Figure 2. 1
.
The target diol obtainable by the synthetic route as shown in Figure 2. 1 is
1,30-triacontanediol (5). However, purification of the diol product by the removal of
bromine- and methyl-terminated impurities proved to be quite difficult, and resulted in
only small yields of the pure 5. Another limitation to the Grignard approach is that in
order to form the diGrignard reagent, the starting dibromide must be reasonably soluble
in diethyl ether; THF, the other solvent commonly used in Grignard reactions, promotes
coupling and is therefore unsuitable in this case. As a result of this solubility
requirement, there is a limit to the size of the diols one can obtain via the Grignard-
coupling mechanism. Attempts were made to convert 5 to the dibromo analogue
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followed by another Grignard coupling step with 3; the resulting 42-carbon protected diol
was never obtained in appreciable yield. Attempts to make the Grignard reagent from
the protected bromo-alcohol 3 have also been unsuccessful.
DHP, CH,CI2W 2
CF3C02H cat
7 hrs, r.t.
Mg/Et20
6 hrs, r.t.
HO-(CH2)30-OH
5
BrMg.
H
3
+
Li2CuCI4
THF
0°C -> r.t.
overnight
THPO-(CH 2 )30-OTHP
4
Figure 2. 1 Grignard synthesis of 1, 30-triacontanediol.
OTHP
MgBr
A second procedure for the synthesis of aliphatic diols, published by Rusanova et
al., involves Wurtz coupling of a protected iodoalcohol. 1 The mechanism for this
procedure is presented in Figure 2.2. Again there is a limit to the size of the diols one can
obtain. However, this time the limitation is due to the difficulty of converting an
intermediate diol (1,22-docosanediol in this case) to an asymmetric cc-iodoalkan-co-ol and
purifying this compound from the diiodo and diol side products. Cedric le Fevere de ten
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Me,SiCI
Et3N, Ar, 3.5 h
Br-(CH2 ) lT-0-Si—\
6 - 94%
\
-Si-0-(CH
2 )2T0-Si-
8 - 56%
Na / cyclohexane /
- I-(CH2)„—O-Si—Ar, 3.5 h
7 - 95%
xs Nal
Acetone
56 °C
CH3OH
H2S0 4
HO-(CH
2 )2—OH 30 - 50% global yield
9
Figure 2.2 1,22-Docosanediol synthesis based on Wurtz coupling.
Hove, a former student in our group, has obtained a very small amount of 1,44-
tetratetracontanediol using the Wurtz coupling approach, but the time commitment and
resulting low yield make this approach impractical for the synthesis of very long diols.
Nevertheless, the synthesis is efficient for production of the C22 diol; polyesters described
in this work which contain 22 hydrogenated carbons in the aliphatic segment were all
made from C22 diol synthesized by this approach.
The third method of obtaining ot,co-diols, and the one which seems to be the most
promising for production of long diols (greater than 30 carbons), is that used by Hiinig
and Buysch. 3 Their method is illustrated in Figure 2.3. The tetraketone 10 has been
obtained in roughly 50% yield; all other steps are nearly quantitative. The diacid 13 may
(in theory) be converted to a diacyl chloride and used in place of suberoyl chloride in the
first step to produce the C56 diacid. The diacid 13 has been successfully synthesized;
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synthesis of the C56 diacid is beyond the scope of this dissertation, but has recently been
achieved by other students in the group. The typical global yield of the diacid 13 obtained
ClOC-tCHgJg-COCI
N(C 2H 5)3
O O
1 9 H I
o
10
11
10
1) OH
2) H 30 H02C-[CH 2 ] irCO-[CH 2]6-CO-[CH 2] irC02H
12
1) H 2N-NH
2) OH
3) H 30*
HOOC-[CH 2 ]30-COOH
13
Figure 2.3 Synthetic mechanism of the Hunig and Buysch method.
by this procedure is approximately 40%. Although this is perhaps lower than the
maximum yields reported for the other procedures, the product in this case is (reportedly)
significantly easier to purify. The conversion of the synthesized C56 diacid to the
corresponding diol must be carried out for the purpose of polyesterification with
fluorinated diacids. This could be a problem if the diacid is not sufficiently soluble in a
solvent that is compatible with LiAlH4 or another suitable reducing agent, since the
reaction between two solids would be unacceptably slow; for this reason it may
ultimately be more practical to react fluorinated diols (typically of the form HOCH2 -
(CF2 ) n-CH2OH) with the C56 diacid.
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2.2.2 Polyester Synthesis
Polyesterification proceeds readily under acid catalysis in the melt according to
the mechanism shown in Figure 2.4. Throughout this dissertation, a nomenclature has
been adopted based on the values of "x" and "y" (see Figure 2.4); thus "polyester 12-8"
refers to a polyester with an aliphatic segment length "x" of 12 carbon atoms and a
fluorinated segment length "y" of 8 carbon atoms, not including the associated carbonyl
carbons.
n HO—(CH 2)^OH
x - 12, 22
2n H 20
HO
p-TsOH cat.
O O A
OH
y = 2, 6, 8, 10
H O—(CH^VO 4CF 2 >TJ OH
Figure 2.4 General polycondensation mechanism.
The polymer products are typically off-white powders, although in the case of
polyester 12-6 only a yellowish wax was obtained. Since the polymerization follows a
step-growth mechanism, acceptably high molecular weight can only be obtained if the
reaction goes to high (>99%) conversion.4 To achieve this conversion, it is necessary to
weigh out the reactants in an exact 1 : 1 stoichiometric ratio; an unbalanced stoichiometry
will result in termination of the reaction before high conversion is reached. In addition,
since polycondensation is an equilibrium reaction, it may be driven to completion by
removal of the byproduct—in this case, water. As will be described in Section 2.3.5, a
mechanical vacuum pump was used to remove water in this case. There are some
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possible problems with this approach, however: the monomers and some small
oligomers are volatile enough at the melt temperature to be removed by careless
application of vacuum. If this occurs, the stoichiometry of the reactants in the melt is
altered, and the final product will not have satisfactorily high molecular weight.
Therefore, the polymerization was typically allowed to proceed for several hours at
atmospheric pressure before vacuum was applied, so that the melt would contain only
higher (non-volatile) oligomers and the water byproduct. Upon application of vacuum,
initial bubbling typically occurred in the melt due to vaporization of the water produced
by esterification; prolonged bubbling (longer than five or ten seconds), however, served
as an indication that a starting compound or low-molecular weight oligomer was boiling
off. At the end of the reaction, the typical melt was brown and viscous. The polymers
were isolated by dissolution in chloroform followed by precipitation in methanol. Decent
molecular weight was indicated by the absence of an end group signal in the 'H-NMR
spectrum. The identities and purities of the polyesters were confirmed by 1H-NMR and
IR spectroscopy. In addition, elemental analysis of polyester 22-8 indicated excellent
purity; the results are shown in Table 2.1. Further qualitative characterization was
performed using GPC, TGA, and DSC and will be described below.
Table 2. 1 Elemental Analysis Results for Polyester 22-8
Found Calculated
c 48.73 48.25
H 5.80 5.57
F 37.6 38.16
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Molecular weights of the polyesters were determined by gel permeation
chromatography (GPC), using polystyrene standards and a refractive index detector.
Tetrahydrofuran was used as the solvent for the fluorinated systems and monodisperse
polystyrene samples were used as standards. The weight-average molecular weights of
the polymers are included in Table 2.1 in Section 2.2.3. It should be noted that in some
cases, the refractive index of the polymers nearly matched that of the solvent, resulting in
very low signal intensity (denoted by a double asterisk in Table 2.1). In the case of
polyester 22-8, no signal was obtained, even at high concentrations (>20 mg/ml).
Polyester 22-2 was submitted for MALDI-TOF analysis; however, the MALDI-TOF
laser ionizes smaller molecules preferentially, particularly when the samples are
polyesters, so the molecular weight value thus obtained was too low to be believable
when compared with the polymer material properties and GPC results.
The solubility of the polyesters in different solvents was tested by placing 2 - 3
mg of a particular polymer in a test tube and adding 2 mL of the solvent of interest. If
necessary, the temperature was raised until the polymer either dissolved or melted. All
eight fluorinated polyesters were found to be readily soluble in chloroform. In addition,
they all dissolved in THF, dichloromethane, and o-dichlorobenzene, although gentle
heating (30 °C or so) was sometimes required. The polymers with lower fluorine content
(i.e., the 12-2 and 22-2 polyesters) were soluble in benzene at room temperature. The 12-
6, 22-6, 12-8 and 22-8 polyesters could be dissolved in benzene at 38 °C, while the 12-10
and 22-10 polyesters were insoluble in benzene below their melting points. Other
common organic solvents which were tried included diethyl ether, petroleum ether,
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hexane, alcohols, acetone, and ethyl acetate; these were nonsolvents for all of the
segmentally-fluorinated polyesters except for polymer 12-2. The only solvent which
failed to dissolve the 12-2 polyester was petroleum ether.
2.2.3 Thermal Properties of the Polyesters
The thermal stability of the polyesters was determined by thermogravimetric
analysis (TGA). The TGA runs were performed under a nitrogen gas purge at a common
heating rate of 20 K.min >. The TGA thermograms were almost identical for all the
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Figure 2.5 Sample TGA for polyesters 12-8 and 22-8.
fluoropolyesters synthesized; a representative trace for polyesters 12-8 and 22-8 is shown
in Figure 2.5, and Table 2.2 contains results for additional polyesters. The TGA plots
suggest decent thermal stability for all of the polyesters, with 2% weight loss generally
being reached between 310 and 330 °C (data labels in Figure 2.5); the only exception is
polyester 12-2, which did not exhibit 2% weight loss until the sample reached 358 °C.
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The melting points of the polyesters were determined by differential scanning
calorimetry (DSC). DSC experiments were performed using -10 mg of crude polymer
sample; two sequential heating and cooling runs between 10 and 120 °C were performed
for each polymer, each run having a heating rate of 10 K.min 1
. The melting point of
each polyester was defined by the endothermic peak in the second heating run; the
temperature at the peak maximum was considered the melting temperature (or
Table 2.2 Characterization Data for Polyesters [0-(CH2)x-OCO-(CF2) -CO] n
Polyester (x-y) Tm (°C)
a
Tdegr (°C)
D Mw
c PDI
U
12-2aliph 73 unk 40kd 2.02
12-2fluor 39 358 24k 1.80
12-6 13 unk 39k 1.41
12-8 51,57 312 81
K
1.52
12-10 58, 61 325 17k 1.49
22-2 56, 60 332 34k 2.04
22-6 45, 50 unk 38k 1.81
22-8 55 322 ** NA
22-10 62 unk 128k 1.82
no signal observed due to refractive index match (see text)
a
determined by DSC at 10 K.min" 1
b
temperature at which 2% weight loss has occurred
for -10 mg initial sample (unk = unknown/not measured)
0
determined by GPC (Rl detector), THF solvent, PS standards
d
chloroform used as GPC solvent due to insolubility in THF
temperatures, when two peaks were present). The data, presented in Table 2.2, lead to
some interesting conclusions. Primarily, it is noted that the segmented fluoropolyesters
are in fact semicrystalline. This result was somewhat unexpected, since the assumed
incompatibility of fluorinated and aliphatic groups was expected to preclude co-
crystallization. This will be discussed in more detail in Chapter 3. A second observation
is that the melting points of the polyesters in both the 12-CH2 and 22-CH2 series initially
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decrease as the fluorine segment length is increased from 2 to 6 carbons; they then
increase as the fluorine segment length is increased. This trend is not observed in the
hydrogenated counterparts of the fluoropolyesters—in the aliphatic polyesters, Tm always
increases with increasing aliphatic segment length (up to some limiting value).
Crystallographic results presented in Chapter 3 will suggest a change in crystal packing
modes between the 2-CF2 polyesters and the 8 or 10-CF2 polyesters; the dip in melting
transitions is therefore thought to be due to the transition from orthorhombic to
pseudohexagonally packed crystals (see Chapter 3). Finally, Table 2.3 compares the
Table 2.3 Comparison of Fluorinated and Aliphatic Polyester Melting Points
Polyester (x-y)
a V m.p. (°C) b
12-2 aliphatic 73
12-2 fluorinated 39
12-6 aliphatic 78
12-6 fluorinated 13
22-2 aliphatic 92
22-2 fluorinated 56, 60
22-6 aliphatic 92
22-6 fluorinated 45, 50
see Table 2.2 for definition of V and "y"
determined by DSC
melting points given in Table 2.2 with those measured by Cedric Le Fevere for the
homologous aliphatic polyesters that he synthesized. It is noted that the melting points of
the fluorinated polyesters are without exception lower than those of the aliphatic
homologues.
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2.3 Experimental Procedures
2.3.1 General Considerations
Fluorinated dicarboxylic acids were obtained from Oakwood Research Products;
all other chemicals were obtained from Aldrich unless otherwise noted. When not
otherwise indicated, commercially obtained chemicals were used straight from the bottle,
without further purification. For the Grignard synthesis, magnesium pellets were
mechanically activated prior to use by stirring for three days under dry nitrogen
atmosphere. Diethyl ether, tetrahydrofuran, and benzene were each dried by refluxing
over sodium metal and benzophenone. Triethylamine and chloroform were dried by
refluxing over calcium hydride or calcium chloride, respectively.
Thin layer chromatography results were viewed using Hanes-Isherwood
developing reagent. 5 This developer is formed by mixing 5 g ammonium
heptamolybdate tetrahydrate, 500 mL distilled water, 50 mL concentrated hydrochloric
acid, and 25 mL 60% perchloric acid. The developer is typically sprayed onto a TLC
plate, where it causes any adsorbed long alkyl chains to be oxidized; heating of the plate
then reveals a brown spot with the Rf characteristic of the adsorbed compound. 'H-NMR
spectra were obtained using a 300 MHz Bruker instrument with XWIN-NMR processing
software published by Bruker.
2.3.2 Synthesis of 1 ,30-Triacontanediol Based on Grignard Coupling
1) 1 1-Bromo-l-undecanol : 1 1-Bromo-l-undecanol purchased from Aldrich was
not pure enough to allow a Grignard reaction; attempts to purify it by recrystallization
from hexane and by flash chromatography (8:1 petroleum ether/diethyl ether) failed to
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remove the Grignard-poisoning impurity. The impurity present was not detectable by lH-
NMR or FTIR, but it gave the compound a slightly yellowish color which was not
removed by activated charcoal. 1 1-Bromo-l-undecanol obtained from Acros was also
impure, but in this case the color was significantly improved by recrystallization from
hexane. The resulting white crystals were dried in a vacuum oven at room temperature
overnight before protection of the alcohol moiety with DHP.
2) 2-(ll-Bromoundecvloxv)tetrahvdropyran (3) : 17.82 g (0.071 mol) 11-
bromoundecanol was dissolved in 120 mL dichloromethane in an oven-dried, 1
-necked
250 mL flask. 16.3 mL (0.179 mol) 3,4-dihydro-2//-pyran (Aldrich) were added,
followed by 0.55 mL (7.14 mmol) trifluoroacetic acid (EM Science). The flask was
capped with a septum and purged with dry nitrogen gas for 10 minutes. The slightly
endothermic reaction was allowed to proceed at room temperature; after 7 hours, 150 mL
diethyl ether were added. The peach-colored solution was extracted three times with
aqueous potassium carbonate solution and one time with distilled water. The organic
phase was dried over sodium sulfate overnight. The solvent was then evaporated, and the
product was made into a slurry with silica gel and purified on a FLASH 75Si
chromatography system, using an 8:1 (v:v) petroleum ether/diethyl ether mixture as the
mobile phase. Fractions were analyzed by TLC, using the same solvent system and
Hanes-Isherwood revelation; the protected bromo-alcohol 3 has Rf ~ 0.4 under these
conditions, while the starting 1 1 -bromo- 1 -undecanol has Rf ~ 0. Evaporation of solvent
from the appropriate fractions gave a light yellow oil, 70% yield, 'H-NMR (CDC1 3 ): 5
4.58 (poorly resolved doublet of doublets, Ji = 2.64 Hz, J2 = 4.52 Hz, 1H), 3.87 (m, 2H),
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3.73 (triplet of doublets, J, = 9.41 Hz, J 2 = 16.20 Hz, 2H), 3.50 (m, 2H), 3.39 (t, J = 9.42
Hz, 2H), 3.38 (triplet of doublets, J, = 9.41 Hz, J 2 = 16.20 Hz, 4H) 1.87 (p, J = 4.78 Hz,
2H), 1.57 (m,4H), 1.29 (bs, 10 H).
3) DiGrignard reagents: The Grignard-forming reaction was optimized using
1,12-dibromododecane. Conversion was determined by titration of the Grignard reagent
with a ~1M solution of menthol in dry diethyl ether containing a trace of 1,10-
phenanthroline; this titrating agent produced a purple color initially, eventually fading to
a light brown endpoint. 1.669 g (5 mmol) dibromododecane (Aldrich) was dissolved in
15 mL dry diethyl ether and then slowly added to 0.375 g (15 mmol) mechanically-
activated magnesium in a 2-necked round bottom flask equipped with a condenser and
nitrogen gas inlet and outlet. The reaction was carried out at room temperature under
constant nitrogen flow; as an indication of a successful reaction, the solution turned dark
gray and opaque. It was found that for longer reaction times (> 8 hours) the reaction
mixture became viscous and tended to phase-separate, due to "physical gelation" or
aggregation of Grignard moieties. Acidification (with HC1) of the more solid phase of
the viscous product followed by 'H-NMR analysis showed roughly equal concentrations
of -CH3 and -CH2Br end groups, indicating that the aggregated material had only a 50%
conversion. The extent of aggregation at a given reaction time could be reduced by
stirring the reaction mixture at reasonably high rates using a magnetic stir bar or by
bubbling nitrogen through the reaction mixture at a fairly high flow rate.
Titration of a typical (non-viscous) reaction mixture after 6 hours indicated 70%
conversion of the 1,12-dibromododecane starting compound. When the reaction was
repeated using 5 mmol 1 ,8-dibromooctane (liquid at room temperature) instead of 5
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mmol dibromododecane, nearly quantitative conversion was attained after 6 hours.
Attempts to carry out the reaction in THF instead of diethyl ether were unsuccessful due
presumably to the higher extent of coupling in THF relative to diethyl ether. The
diGrignard reagent was characterized only by titration to determine conversion; the
untitrated portion was used immediately in the next reaction without any additional
characterization. Since the dibromooctane gave a higher conversion than the
dibromododecane, it was selected as the better reagent for the synthesis of long aliphatic
diols via Grignard coupling.
4) l,30-Bis-(tetrahydro-2-pyranvloxv)triacontane (4) : The formation of the
diGrignard reagent from 5 mmol 1 ,8-dibromooctane in the preceding step was assumed
to have occurred with quantitative conversion, producing 10 mmol of alkylmagnesium
bromide end groups. The flask containing the diGrignard reagent (typically mixed with
some excess magnesium in a small amount of dry diethyl ether) was cooled to 0°C. A
catalytic amount (0.22 mmol) of lithium tetrachlorocuprate was added as 2 mL of a 0.1M
solution in THF (pre-made solution purchased from Aldrich). A solution of 10 mmol 2-
(1 l-bromoundecyloxy)-tetrahydropyran 3 in 50 mL dry THF was then added dropwise to
the cold mixture. The reaction mixture was purged with nitrogen and allowed to warm
slowly to room temperature. After reaching room temperature, the reaction was allowed
to continue for 16 hours, during which the reaction mixture turned dark blue-green. The
reaction was stopped by the addition of 50 mL of 1 M ammonium acetate (aq). Two
phases formed; the bottom (aqueous) phase was light blue and clear, while the top
(organic) phase was colorless and clear. Leftover magnesium formed a filmy aggregate
between the two phases. The organic phase was extracted 3 times with ammonium
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acetate and once with water and then dried over sodium sulfate overnight. Removal of
solvent yielded 2.422 g (78%, assuming the product is pure 4) of a slightly off-white
solid with a characteristic odor. The product 4 was deprotected (see next step) before
further characterization.
5) 1,30-Triacontanediol (5) : The product 4 was deprotected by refluxing with 50
mL ethanol, 4 mL THF, 6 mL benzene, and 1 mL 1M sulfuric acid. The product
dissolved in this solvent mixture at 40°C, and reflux commenced at 82°C. The product
was refluxed for a minimum of 12 hours, and then solvents were removed to give a white
solid. This solid was mixed with water and then filtered and recrystallized from a 1 :
1
(v:v) ethyl acetate/hexane mixture to give 1 ,30-triacontanediol 5 in 70% yield as a white
powder with characteristic odor, m.p.~75 - 78°C by Mel-Temp apparatus. TLC (1:1 ethyl
acetate/hexane) gave one spot with Rf-0.22. *H-NMR showed residual traces of a
methyl-terminated side product, which was not removed by subsequent efforts at
purification. 'H-NMR (CDC1 3 ): 5 3.64 (t, J = 6.8 Hz, 4H), 1.57 (p, J = 7.2 Hz, 4H), 1.25
(bs, 56H), 0.88 (trace signal which appeared to be a triplet).
2.3.3 Synthesis of 1 ,22-Docosanediol Based on Wurtz Coupling
1) ll-Bromo-l-(trimethvlsilvloxv)undecane (6) : To a 1L 3-necked round bottom
flask equipped with addition funnel, condenser, magnetic stir bar, and nitrogen
inlet/outlet was added 29.65 g (118 mmol) 1 1 -bromo- 1 -undecanol (Acros) and 100 mL
dry triethylamine. Nitrogen was flowed through the system continuously during
dropwise addition of 16.4 mL (130 mmol) chlorotrimethylsilane (Aldrich). The reaction
mixture became honey-colored and a white salt was produced. The reaction was allowed
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to continue at room temperature under constant nitrogen flow for 3.5 hours. After 3.5
hours, 300 mL petroleum ether was added to the reaction mixture; the product was
filtered twice and rinsed with more petroleum ether to give an amber-colored liquid in
94% yield. This liquid was used promptly in the next step.
2) ll-Iodo-l-(trimethylsilyloxv)undecane f7V The product 6 was dissolved in
150 mL acetone (dried over potassium carbonate), and excess sodium iodide (typically
-174 mmol) was added. The mixture was heated at 56°C for 2 hours, after which the
acetone was removed. Petroleum ether was added, the mixture was stirred, and the
insoluble sodium salts were filtered out. The petroleum ether was removed to give a
light-sensitive yellow solid. Due to the sensitivity of this product, it was used
immediately in the next step without characterization.
3) 1,22-Docosanediol (9): A Vibracell High Intensity Ultrasonic Processor from
Sonics & Materials Inc. was used to disperse 1.2 g sodium metal in 30 mL dry benzene;
the mixture was sonicated inside a nitrogen-purged, water-cooled jacketed beaker at 30%
amplitude for 30 minutes. 10.55 g of 1 l-iodo-l-(trimethylsilyloxy)undecane in a small
amount of dry benzene was added, and sonication was continued for 3.5 more hours. The
reaction mixture was then transferred to a beaker and neutralized with methanol
(typically requiring ~15mL). The TMS-protected product 8 was deprotected by addition
of 10 mL IN sulfuric acid and 2.5 mL water, and the mixture was filtered on a Buchner
funnel. The off-white solid thus obtained was washed with water and dried in the
vacuum oven at ambient temperature. The sonication and subsequent steps were repeated
until all of the 1 l-iodo-l-(trimethylsilyloxy)undecane 7 synthesized in step 2 above was
used up. The net isolable yield of 1 ,22-docosanediol was around 3 g the first time this
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approach was attempted by this author. A subsequent effort yielded 12.6 g of 9 (31%
global yield); the author's coworkers have since reported a global yield as high as 45%
by the same approach. The typical batch gave a white crystalline solid with melting point
102-103 °C (by Mel-Temp apparatus). 'H-NMR (CDCI3): 5 4.37 (t, J = 6.6 Hz, 4H),
1 .73 (p, J = 7.1 Hz, 4H), 1 .24 (bs, 36 H).
4) 1,22-Dibromodocosane
: An attempt was made to synthesize the dibromide by
reaction with aqueous HBr. Approximately 15 ml cyclohexane was added to 0.298 g
diol. The system was heated to 80 °C under nitrogen purge. 10 ml 48% aqueous HBr
was added dropwise to the stirred solution, and the temperature was increased to 87 °C.
At the end of four days, a white fluffy solid had formed in both the aqueous and organic
phases. The mixture was filtered and the filtrate washed with pH 7.00 water. After
drying in a vacuum oven, 0.20 g product was isolated as an off-white solid. The product
dissolved readily in CDC1 3 . The 'H-NMR spectrum showed peaks from both CH2Br and
CH2OH and indicates (by peak area ratios) a conversion of only 44%.
Further consultation of the literature indicated that for most cases where the
starting primary alcohol was a solid, bromination was accomplished by bubbling HBr gas
through the melt.6
"8 Some of the 1 ,22-docosanediol obtained by Wurtz coupling was
exposed to HBr gas in an attempt to produce a larger dibromide starting material for the
Grignard coupling reaction and for malonate condensation (see below). The
experimental setup used is illustrated in Figure 2.6.
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Figure 2.6 Experimental setup for bromination of 1,22-docosanediol via in situ
generation ofHBr.
HBr gas was generated in situ by dropwise addition of bromine (in addition funnel i) to
tetrahydronaphthalene (in flask ii). The entire system was purged with nitrogen prior to
this addition to prevent oxidation of the melted diol (in flask iv). The gas evolving from
the reaction setup (exiting from the condenser attached to flask iv) was bubbled through a
50% potassium hydroxide solution to trap escaping bromine and hydrogen bromide
vapors. The amounts of bromine and tetrahydronaphthalene (and thus HBr) used were
calculated to allow for void volume in the experimental setup. Since HBr gas is heavier
than air, it will fill any empty space present in the experimental setup; gas used to fill
empty space in components i through iii (see Figure 2.6) is not available to react with diol
in flask iv. Based on the van der Waals equation and the relevant known values for HBr,
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the calculated volume occupied by 1 mole of HBr gas at SATP is 24.304 L. Therefore, a
void volume of 50 ml will require approximately 2 mmol of HBr to fill; this quantity
must then be added to the amount of HBr needed based on stoichiometry.
Approximately 10.67 mmol hydrogen bromide gas was produced in situ by
dropwise addition of 10.67 mmol bromine to 2.668 mmol tetrahydronaphthalene
according to a published method.9 The evolved gas was bubbled via 1/16 inch PTFE
tubing through a bromine trap (2 ml cyclohexene in 8 ml carbon tetrachloride) and then
into 3.98 mmol melted 1 ,22-docosanediol 9; the diol, in flask iv (see Figure 2.6), was
heated to 1 15 °C prior to the HBr generation. The reaction was allowed to proceed until
no more HBr bubbles could be seen evolving from the tetrahydronaphthalene/bromine
mixture—typically around 6 hours. At this point, residual HBr gas was purged from the
system by a nitrogen stream and the reaction flask was cooled to room temperature. The
orange solid product was washed with an aqueous pH 7.0 buffer. Diethyl ether was then
added, yielding light orange flakes in a dark orange or brown supernatant. The mixture
was filtered on a fritted glass funnel (porosity "D") and the solid dried under vacuum at
ambient temperature. The final product was isolated in 72% yield. 'H-NMR
spectroscopy showed some remaining
-CH2OH (peak, triplet, at 5 - 3.47 ppm in CDC1 3 );
peak area ratios suggested a conversion of 87%. Melting this product and exposing it to
more HBr gas did not significantly add to the conversion. However, repeat of the
synthesis with removal of the cyclohexene/CCl4 trap (i.e., direct bubbling of the flask ii
product into flask iv) allowed 100% conversion with roughly 70% yield. The product
was washed with sodium thiosulfate solution to remove bromine impurities and
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recrystalHzed from petroleum ether and diethyl ether; a slight orange color remained, but
the 'H-NMR spectrum indicated good purity. 'H-NMR (CDCI3): 8 3.39 (t, J = 9.2 Hz,
4H), 1.83 (p, J = 9.2 Hz, 4H), 1.41 (bm, 4H), 1.32 (bs, 32H).
2.3.4 Higher Diols: Hunig-Buysch Method3
1) 1-Morpholinocyclododecene,
: In a two-necked flask equipped with a Dean-
Stark trap a mixture of 29 g (0.33 mol) morpholine (Fisher), 30.5 g (0.165 mol)
cyclododecanone (Aldrich), 75 mL dry benzene and a catalytic amount (typically 2%) of
p-toluenesulfonic acid (Fisher) was refluxed under nitrogen until no more water could be
collected (usually 1 - 2 days). Toluene and unreacted morpholine were removed by
rotoevaporation and the remaining reddish-yellow liquid was distilled under mechanical
pump vacuum. Cyclododecanone crystallized in the condenser; the product enamine was
collected last, with a boiling point around 130 °C or higher, depending on the efficiency
of the vacuum line. The highest yield obtained experimentally for this step was 70%,
compared with 80% claimed in literature. 3 'H-NMR (CDC1 3 ): 5 4.20 (t, J = 7.7 Hz, 1H),
3.42 (t, J = 4.7 Hz, 4H), 2.40 (t, J = 4.7 Hz, 4H), 2.00 (m, 4H), 1 .30 (bs, 20H).
2) 2,2
,
-Butylene-bis-(cvclotetradecane-l,3-dione) (10) : A mixture of 16.3 g (65
mmol) enamine, 10 mL dry triethylamine and 10 mL dry chloroform under nitrogen was
cooled to 0 °C, and a solution of 4.5 mL (25 mmol) suberoyl chloride in 10 mL dry
chloroform was added dropwise over 15 minutes. After 3 hours of stirring at room
temperature, 100 mL chloroform and 100 mL 2.5M HC1 were added. The mixture was
hydrolyzed for 24 hours at room temperature. The precipitated tetraketone product (10
and 11) was filtered off, the chloroform phase was extracted with water twice, and the
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chloroform was evaporated. The residual product was recrystallized from ethyl acetate,
then refluxed in methanol and filtered at 30 °C. Almost pure tetraketone 10 was
obtained; the isomeric side product 11 precipitated in the methanol at room temperature.
Typical yield for this step was around 40%; the product 10 was white or occasionally
pale yellow, with melting point 183 - 184 °C. 'H-NMR (CDC1 3 ): 5 3.57 (t, J = 7.2 Hz,
2H), 2.40 (m, 8H), 1.65 (m, 12H), 1.25 (m, 26H).
3) 13 120-Dioxodotriacontane-1,32-dicarhoxylir ariH mv Hot solutions of 2.4 g
(60 mmol) sodium hydroxide in 30 mL 2-methoxyethanol and 5.02 g (10 mmol) of 10 in
50 mL 2-methoxyethanol were combined and refluxed for 1.5 hours. The precipitating
solid (disodium salt) was filtered after cooling down and washed once with 2-
methoxyethanol and twice with ethanol. The disodium salt of the dioxo diacid 12 was
sufficiently pure to be used in the reduction reaction (step 4) directly without further
purification. The product 12 was a white crystal, typically obtained in near-quantitative
yield, with melting point 142 °C (by DSC; melting point of 12, not its sodium salt).
4) 1,32-Dotriacontanedicarboxvlic acid (13) : 2.91 g (5 mmol) of the dioxo diacid
sodium salt was dissolved in 20 mL hot triethanolamine. 10 mL 92% hydrazine hydrate
(EM Science) was added, and the mixture was refluxed at 170 °C oil bath temperature for
2 - 4 hours. The mixture was then cooled to about 140 °C, and a hot solution of 2.8 g (50
mmol) potassium hydroxide in 15 mL triethanolamine was added. The open mixture was
slowly heated to 160 °C, the temperature at which the decomposition of the hydrazone
(with foaming) starts. Over 1.5 hours the mixture was heated to 220 °C and kept at this
temperature for 7 hours. Upon cooling, the disodium salt of the diacid 13 precipitated;
the salt was hydrolyzed with 80 - 100 mL acetic acid. The product 13 is an off-white
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solid, m .p . 127-129 °C, obtained in 85% yield. The product was poorly soluble; the
Wolff-Kishner reduction was not 100% complete, as indicated by a 'H-NMR spectrum
acquired in warm deuterated dimethylformamide. 'H-NMR (DMSO-d6 ): 5 2.35 (t, J =
7.3 Hz, 8H), 2.16 (t, J = 7.30 Hz, 4H), 1.41 (bm, 12H), 1.21 (bs, 32H).
5) 1,56-Hexapentacontanedicarhoxylic acid: The synthesis of this compound
followed that of the 1,32-diacid described above in steps 1 through 4, starting with
synthesis of the enamine. The 1,32-diacid chloride was made from the diacid 13 by
reaction with an excess of thionyl chloride in benzene at 60 °C. This diacid chloride was
then reacted with enamine as described previously (see step 2 above) to produce the 56-
carbon tetraketone, which was subsequently ring-opened and reduced to yield the desired
product. The melting point of the 56-membered diacid was 119 - 122 °C after
recrystallization from dioxane and decolorizing carbon. The 'H-NMR spectrum was
qualitatively similar to that of the 1 ,32-dotriacontanedicarboxylic acid, the only
difference being in the peak integrations. Again, the Wolff-Kishner reduction was less
than 100% efficient.
2.3.5 Polyesterification
The fluorinated polyesters were obtained by melt polycondensation of the
appropriate diol and diacid (AA + BB step polymerization). The diols and the p-
toluenesulfonic acid (p-TsOH) catalyst were dried in the vacuum oven at ambient
temperature overnight prior to use. Equimolar amounts of aliphatic diol and
perfluorinated diacid were added to a Schlenk tube; 2% (by weight) p-TsOH was added,
and the reaction assembly was purged with dry nitrogen as it was heated. The
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temperature set point was decided based on the melting point of the mixture; typical
values were between 105 and 110 °C. Temperatures above 120 °C were avoided as
elimination of water from the diol (producing an alkenol) could occur at high
temperatures. After the reaction tube had reached the temperature set point, it was sealed
and the nitrogen purge was turned off. The reaction was allowed to proceed for 7 hours
at atmospheric pressure; after 7 hours, the melt was typically brown in color. The tube
was then opened to mechanical-pump vacuum. The melt was maintained at the
temperature set point under vacuum overnight. After 12-15 hours the melt was cooled
and opened to atmospheric pressure. The solid, brownish product was dissolved (often
slowly) in chloroform, precipitated into methanol, and filtered. The whitened product
was dried in the vacuum oven overnight at room temperature. Typical yields were
between 70 and 80%. 'H-NMR (CDC1 3 ): 5 4.37 (t, J = 6.7 Hz, polymer backbone -
CH2OCO-), occasionally 3.64 (t, J = 6.7 Hz, end group -CH2OH), 1.70 (bm), 1.32 (bm).
Further characterization data are included in Table 2.1, Table 2.2, and Figure 2.5.
2.4 Conclusions
Several methods for the synthesis of long aliphatic diols were examined.
Although no approach was without some limitations, a Wurtz coupling technique was
found to be acceptable for production of 1,22-docosanediol. In addition, a method first
published by Hiinig and Buysch was shown to be a promising route to higher a,co-diols.
A series of eight segmentally-fluorinated polyesters was synthesized. Qualitative
analysis of the polymers indicated excellent purity and satisfactory molecular weights
(M n typically -15K). Melting points of the polyesters were lower than their aliphatic
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homologues, although TGA results indicate good thermal stability of the melts. The low
melting points of the polyesters will ultimately limit their viability as commercially
useful materials; however, the melting points could be easily raised by introduction of
hydrogen bonding (e.g. use of diamines instead of diols to make segmentally fluorinated
polyamides) if the other properties of these segmentally fluorinated systems are found to
be desirable.
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CHAPTER 3. CRYSTAL STRUCTURE OF LINEAR, SEGMENTALLY
FLUORINATED POLYESTERS
3.1 Introduction
As was mentioned in Chapter 1, one of the initial reasons for our interest in
segmentally fluorinated systems was the possible control of crystal structure that they
offered. It was theorized that these systems might crystallize in a polyethylene-like
manner, with the fluorinated segments excluded to amorphous regions. The relevant
background for crystallography of HDPE and PTFE has been presented in the
introduction to this dissertation; this chapter will therefore focus almost exclusively on
the crystallographic data obtained for the segmentally fluorinated polyesters and
interpretation of that data. When possible, correlations will be noted between the
behavior of the segmented polyesters and that of HDPE and PTFE.
To fully examine the crystallization mechanism of the linear segmented
fluoropolyesters, a collaboration was formed with Professors Tisato Kajiyama, Atsushi
Takahara and Sono Sasaki and their students at Kyushu University, Japan. Experimental
efforts here at the University of Massachusetts focused on the polymer synthesis, general
characterization (see Chapter 2), Wide Angle X-ray Diffraction (WAXD) of bulk
unoriented samples, and Wide Angle X-ray Scattering (WAXS) of oriented fibers
(WAXD and WAXS are used interchangeably below). Efforts at Kyushu University
included single crystal growth, polarized Fourier Transform Infrared Spectroscopy
(FTIR) of unoriented films, temperature-dependent IR spectroscopy, WAXD of
uniaxially oriented films, and expanded characterization of the thermal behavior of the
samples (DSC).
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3.2 WAXD from Crude Samples
Polyesters obtained by precipitation as described in Section 2.2 were placed in a
wide angle X-ray diffractometer without any thermal or recrystallization treatment. X-
ray diffraction from the crude samples was collected by using nickel-filtered copper Ka
radiation as the incident X-ray radiation and a D500 scintillation counter as a detector. A
typical X-ray intensity profile was measured with 380 data points between 20 = 2° and
40° for an exposure time of 20 seconds at each point, where 0 is the Bragg angle. Lattice
spacings were calculated from the 20 angle of diffraction peaks by using Bragg' s Law as
follows:
nX = 2d sin 0
^ n
where X is the wavelength of the incident radiation (1.5418 A for the copper anode used)
and d is the lattice spacing. Figure 3.1 shows X-ray diffraction profiles measured for
unoriented samples of HDPE, PI 2-2 linear aliphatic polyester, and segmentally-
fluorinated linear polyesters.
A few trends are noticeable in Figure 3.1. It is particularly interesting to focus on
the HDPE peaks at 20 = 21.5 and 23.9, corresponding to diffraction from the (1 10) and
(200) planes of the orthorhombic crystal, respectively. The higher-angle diffraction from
the PI 2-2 aliphatic polyester is relatively weaker in intensity than that of HDPE.
However, the diffraction peaks of PI 2-2 (aliphatic) at 20 = 21.4° and 24.0° are still sharp
in profile and show no positional shift compared with the HDPE diffraction pattern.
Consequently, it is considered that the PI 2-2 aliphatic polyester forms an orthorhombic
crystal. The analogous fluorinated polyester, P12-2F, shows numerous additional peaks;
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1 Wide-angle X'ray diffraction profiles measuredfor unoriented crude samples
of HDPE, PI2-2 linear aliphatic polyester, and segmentallyfluorinated linear polyesters.
in addition, the two peaks around 20 = 21° and 24° are lower in intensity and shifted to
slightly lower angles. As the fluorine content of the polyesters is increased, the shift of
the two peaks to lower angles continues; in addition, the two peaks become less
pronounced and the overall order of the system decreases, so that the diffraction profiles
of the PI 2-8 and P22-8 fluoropolyesters bear very little resemblance to that of HDPE.
Based on the comparison among the WAXD profiles of the crude polyesters and HDPE,
it is evident that the incorporation of fluorine into the polyester backbone disrupts the
order of chain packing structure in the crystalline region. As the fluorine content of the
polyesters is increased, the crystal structure of the crude polyesters becomes disordered
and the unit cell becomes larger in size. These conclusions will be important later when
considered along with other crystallographic data.
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3.3 Wide Angle X-Ray Scattering from Oriented Fibers
In order to investigate the crystal structure, uniaxially drawn films were prepared
from the segmentally fluorinated linear polyesters. The polyesters were heated in a
temperature range below the melting point until the sample softened enough to be
uniaxially drawn. After cooling to room temperature, the obtained fibers were gently
stretched again at room temperature to induce additional chain orientation if possible.
Two-dimensional WAXD patterns were measured by using an evacuated Station camera
and imaging plate (IP) detectors; a copper Ka radiation source with a nickel filter was
used. The camera length, defined as the distance between a sample and the IP, was
calibrated with calcium carbonate. Exposure time varied depending on the thickness of
the fiber. In a typical experiment, the camera length was 5.5 cm and exposure time was
on the order of three or four hours.
Figures 3.2 through 3.8 show fiber diffraction patterns of the fluorinated
polyesters, with the exception of the PI 2-6 polyester. It was nearly impossible to draw
the PI 2-6 bulk sample to prepare fibers of practical length and to then maintain the chain
orientation of the fibers at room temperature, because the melting point of this polymer
was very close to room temperature (DSC results actually indicate that the onset of the
melting transition of this polymer occurs below room temperature at 1 3 °C, although the
crude polymer is isolated as a gummy solid at 23 °C). The PI 2-6 fibers relaxed to an
unoriented state within seconds at room temperature. Based on the fiber patterns, some
of the polyesters show better orientation than others. This is presumably due to
differences in molecular weights and possibly in glass transition temperatures. Note also
that the effective camera lengths vary slightly for each pattern as it is shown below (due
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Figure 3.2 A WAXS pattern of a P12-2Ffiber.
Figure 3.3 A WAXS pattern ofa P12-8fiber.
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Figure 3.4 A WAXS pattern of a P12-10fiber.
Figure 3.5 A WAXS pattern ofa P22-2 fiber.
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Figure 3.6 A WAXS pattern of a P22-6fiber.
Figure 3.8 A WAXS pattern of a P22- 10fiber.
Table 3.
1
Calculated Lattice Spacing d of Segmentally-Fluorinated Polyester Fibers
Most Intense Signal(s)
Polymer r (cm) d(A)
P12-2F 1.90 * 6.00
2.10 * 5.44
P12-8 3.12 * 3.79
3.25 * 3.65
P12-10 3.25 * 3.65
P22-2 2.70 (52°) 4.32
P22-6 (varied L) 10.72
11
3.76
ii
3.48
P22-8 3.10 (64°) 3.80
3.25 3.63
P22-10 3.08 * 3.82
3.20 * 3.70
r : the distance from the center ofWAXS patterns normalized with a camera length of 7.18 cm
*
: on the equatorial line () : at the indicated azimuthal angle from the meridian line
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to the process of fitting the images to the pages below); Table 3.1 shows selected lattice
spacings calculated from the 20 angles of the diffraction peaks observed in Figures 3.2
through 3.8.
From Table 3.1 a few trends are noticeable. First, the P12-2F and P22-2
polyesters have diffraction peaks at 20 angles which are totally different from those of
the polyesters with longer fluorinated segments. Secondly, the number of the detected
reflections of P12-2F and P22-2 polyester fibers is larger than those of the other samples,
and the regularity of chain packing is relatively higher as well. The half-width in the
azimuthal direction of the reflections of the P12-2F polyester is small compared with that
of the other samples, which means the crystal orientation is relatively better in the P12-2F
sample than in the other polymers. Polyesters with longer fluorinated segments show
similar spacings (printed in bold in Table 3.1) in the equatorial direction. The margin of
error for the calculated d-spacings is roughly ± 0.05 A; taking this into account, both the
(CH2)i2 series and the (CH2)22 series have spacings which are more or less constant
regardless of fluorinated segment length. These spacings increase from 3.65 A for the
(CH2)i2 series to approximately 3.8 A for the (CH2)22 series. In addition, the (CH2)22
series show additional spacings which increase as the fluorine segment length increases
(3.48 A for 6 CF2 's to 3.70 A for 10 CF2 's).
From this data several inferences are made: first of all, the presence of only 2
fluorinated carbons in the polyester repeat unit does not affect the polymer to the same
extent as the incorporation of longer fluorinated segments does (see also Figure 3.1).
This is not particularly surprising; if a long fluorinated carbon chain were to crystallize in
the form of an all-trans planar zigzag, fluorine atoms on one carbon would suffer from
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repulsive interactions from those located 2 carbons away, as shown in Figure 3.9 (see
also Chapter 1). To reduce these unfavorable interactions, fluorinated alkanes typically
adopt a hexagonally-packed helical conformation at ambient conditions; the associated
twist reduces the contact between a,y-situated fluorine atoms.
CH2
Figure 3.10 Newman projections of a 2-CF2 sequence in (a) anti and (b) gauche
conformations.
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However, in the case of the 12-2 and 22-2 polyesters, there are only two
fluorinated carbons per repeat unit. There is no driving force in this case for the
polyesters to form a helix, as the anti conformation (Figure 3.10a) and hence the all-trans
planar zigzag is actually more favorable than the gauche conformation (Figure 3.10b); in
effect, the fluorinated segment in the 12-2 polyester is adopting a 2/1 helix.
This, then, is the basis for some of the observed difference between the WAXS
patterns of polyesters n-2 (i.e., P12-2F and P22-2) and those with longer fluorinated
segments: while the size of the fluorine atoms (relative to hydrogen) disrupts strictly
polyethylene-like orthorhombic packing in polyesters n-2, the fluorinated segment is too
short to completely disallow the planar zigzag conformation. On the other hand, the
other polyesters (i.e. those with 6, 8, or 10 CF2 's) are influenced not only by the large
steric size of the fluorine atoms, but also by the tendency of the longer fluorinated
segments to adopt a helical conformation. The diffraction patterns shown for some of
these polyesters (see particularly Figures 3.4 and 3.7) suggest a herringbone-type
structure with chain segments oriented both parallel and perpendicular to the fiber axis.
Consequently, based on the fiber WAXS data, a layered structure is proposed which
likely involves both pseudo-hexagonal packing (influenced by the helical CF2 segments)
and orthorhombic packing (influenced by the aliphatic segments-see also the next
section).
In summary, the following conclusions can be made based on the fiber WAXS
data: (1) for polyesters 12-2F and 22-2, it is suggested that planar-zigzag chains are
packed together to form an orthorhombic-type crystal; (2) the other polyesters show the
influence of both the aliphatic and fluorinated segments and therefore have a more
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complex packing pattern; and (3) the WAXS patterns of polyesters 12-8 and 12-10 have
one signal in common which appears to be independent of fluorinated segment length,
while polyesters 22-6, 22-8, and 22-10 share two signals, at least one of which shifts to
lower angles as the length of the fluorinated segment increases.
3.4 Chain Conformation of Unoriented Films
3.4.1 PI 2 Series Polyesters
Based on the WAXD data provided in Section 3.2, it is shown that diffractions
from the segmentally fluorinated polyester crude samples decrease in number and
become broad in profile as the length of the incorporated fluorinated sequence increases.
Therefore, the length of a fluorinated sequence is considered to affect crystallinity, chain
packing structure and chain conformation in the crystal region. Fourier Transform
Infrared (FTIR) spectroscopy is a suitable technique to investigate polymer chain
conformation. FTIR spectral measurements for unoriented polyester films were carried
out by Professors Kajiyama, Takahara and Sasaki of the Graduate School of Engineering,
Kyushu University, Japan.
Unoriented polyester films used in this study were prepared by slow-cooling from
the melt. The average thickness of the films is 10-20 ^im. FTIR transmission spectra
were measured for the films sandwiched between a pair of KBr plates by a Magna
(Nicolet Co. Ltd.) instrument with a MCT detector. The spectral resolution was 2 cm" 1 .
Figures 3.1 1 and 3.12 show FTIR spectra measured for an unoriented film of the
PI 2- 10 polyester. In Figure 3.1 1 a crystalline band and its shoulder peak are observed
at 1472 and 1464 cm" 1
,
respectively, in the frequency region of the CH2 bending [8(CH 2 )]
mode. Doublet bands are also observed in Figure 3.12 at 724 and 735 cm' 1 in the
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frequency region of the CH2 rocking [p(CH2)] mode. 1 These bands imply that the CH2
sequences in the crystalline region are parallel-packed to form a polyethylene-type
orthorhombic structure. The 1366 cm' 1 CH2 wagging [co(CH 2 )] band assigned to the kink
conformation,
-tgtg't-, is observed in Figure 3.1 1. Therefore it is found that the CH 2
sequences have a disordered conformation, containing both trans and gauche bonds.
The 626 and 639 cm" 1 doublet bands in the frequency region of the CF2 wagging [co(CF2 )]
mode are assigned to the regular helical conformation of perfluoro-n-alkane crystals and
the 15/7 or 13/6 helix chain conformation of a poly(tetrafluoroethylene)-like crystal. 2
1.5
1.3
1.1
3 0.9 -I
n
0.7
•0.1 4
5(CH 2 ) crystalline band (CH 2 sequences of
adjacent chains in the crystal)
=> orthorhombic packing
<4CH2 ) kink band {TTGTGTT}
=> conformational disorder
1500 1480 1460 1440 1420 1400 1380 1360 1340 1320 1300
Wavenumber (cm"1 )
Figure 3.1 1 FTIR spectrum in the frequency regions of the CH2 bending and wagging
modes measuredfor an unorientedfilm of the P12-10 polyester.
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No doublet bands are observed in the frequency region of the CF2 wagging mode in
Figure 3.12. It is therefore suggested that CF2 sequences are conformational^ disordered
from the regular helical structure in the P12-10 crystalline region.
Figure 3.13 shows FTIR spectra in the frequency regions of the CH 2 bending and
wagging modes measured for unoriented films of the P12-2F, PI 2-8 and PI 2- 10
polyesters. As shown in Figure 3.13, the FTIR spectrum of the PI 2-8 film is
qualitatively similar to that of the PI 2- 10 film. In the FTIR spectrum of the P12-2F
film, no CH2 wagging band is observed at 1366 cm"1
,
while the CH2 bending bands are
similar to those of the PI 2- 10 and PI 2-8 films. Based on these results, it is believed that
CH2 sequences become increasingly more disordered from the trans-zigzag conformation
as the length of the CF2 sequences is increased from 2 carbon atoms to 10.
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Figure 3. 13 FTIR spectra in the frequency regions of the CH2 bending and waggingmodes measuredfor unorientedfilms oj the P12-2F, PI2-8 and PI2-10 polyesters
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Figure 3.14 FTIR spectra in thefrequency regions ofthe CH2 rocking mode and the CF2
wagging mode measured for unoriented films of the P12-2F, PI2-8 and PI2-10
polyesters.
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FTIR spectra measured for unoriented films of the P12-2F, PI 2-8 and PI 2- 10
polyesters in the frequency regions of the CH2 rocking mode and the CF2 wagging mode
are shown in Figure 3.14. The doublet bands assigned to the CF2 regular helical
conformation are observed for the P12-8 film at 626 and 639 cm 1
,
in the frequency
region of the CF2 wagging mode. Therefore, it is considered that CF2 regular helical
sequences are parallel-packed in the P12-8 crystalline region. In Figure 3.14, crystalline
bands observed for the P12-2F film are relatively sharp in comparison with those of P12-
8 and PI 2- IF. In addition, sharp bands called progression bands are also apparent for
polyester 12-2F in the frequency regions of the CH2 wagging and rocking modes.
Based on the FTIR spectra of the P12-2F polyester shown in Figure 3.13 and 3.14, it may
be concluded that the trans-zigzag CH2 sequences of the P12-2F polyester are packed to
form a polyethylene-type orthorhombic crystal.
As shown in Figures 3.1 1 and 3.12, the length of a CF2 sequence per repeat unit
influences the chain conformation of the polyester. The trans-zigzag CH2 sequences of
the P12-2F polyester are aligned parallel to one another to form a polyethylene-type
orthorhombic crystal in which the CF2 sequence and the ester group possibly possess a
regular trans conformation. In the general case of the P 12 series polyesters, the CH2 and
CF2 sequences become conformationally disordered from the regular structure as the
length of the incorporated CF2 sequence increases. The disordered CH2 sequences
contain both trans and gauche bonds.
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3.4.2 P22 Series Polyesters
Figure 3.15 shows FTIR spectra measured for unoriented films of the P22-2 and
P22-8 polyesters in the frequency regions of the CH2 bending and wagging modes. A
singlet crystalline band is observed in the frequency region of the CH2 rocking mode at
1471 and at 1470 cm ' for polyesters P22-8 and P22-2, respectively. The data indicates
that the packing mode of the CH2 sequence is not polyethylene-type orthorhombic. The
1366 and 1306 cm" 1 CH2 wagging bands assigned to kink conformation are observed for
the P22-8 polyester, while these bands do not appear for the P22-2 polyester. As the
length of the CF2 sequence increases, it appears that the CH2 sequence becomes
conformational^ disordered. Figure 3.16 shows FTIR spectra in the frequency regions of
the CH2 rocking mode and the CF2 wagging mode, again measured for unoriented films
1 o
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Figure 3.15 FTIR spectra in the frequency regions of the CH2 bending and wagging
modes measuredfor unorientedfilms ofthe P22-2 and P22-8 polyesters.
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of the P22-2 and P22-8 polyesters. The v8 progress,™ bands corresponding ,o an all-
trans (CH2)2
„
sequence are clearly observed for the P22-2 polyester. In other words,
these progression bands indicate that the all-trans CH2 sequence in the crystalline region
of the P22-2 polyester consists of 20 CH2 units. In the frequency region of the CF2
wagging mode doublet bands are observed for the P22-8 polyester, implying that the CF2
sequences in the crystal state of the P22-8 polyester possess the regular helical structure.
0 6
P22-8F
P22-2F W(CF )
600
Wave-numberrcm
Figure 3.16 FTIR spectra in the frequency regions of the CH2 rocking mode and the
CF2 wagging mode measuredfor unorientedfilms ofthe P22-2F and P22-8F polyesters.
The asterisk indicates the v8progression bands ofthe CHl sequence.
As a result of FTIR spectral analysis for the PI 2 and P22 series polyesters, the
relationship between the length of a CF2 or CH2 sequence per repeat unit and the chain
conformation of the polyester was clarified. With increasing length of a CF2 sequence,
the CH2 and CF2 sequences become conformational ly disordered from the regular
67
structure. However, the chain conformation in the immediate vicinity of the CF2
sequence remains unclear in detail. With increasing length of a CH2 sequence, it is
suggested that the CH2 sequences change their packing mode from a relatively disordered
structure to a polyethylene-type orthorhombic cell. The inter-chain interaction around
the CH2 sequences affects the chain-packing mode of the polyester crystal.
3.5 Summary and Conclusions
It was found that for the segmentally fluorinated polyesters, preferential exclusion
of one type of segment-either fluorinated or aliphatic—to the amorphous regions did
not occur. For polyesters 12-2F and 22-2, the length of the fluorinated segment is not
sufficient to effectively interfere with a "normal" crystallization mechanism—the two
CF2 's in each repeat unit of these two polyesters fit reasonably well into the expected
HDPE-like orthorhombic planar zigzag. As the length of the fluorinated segment
increases, however, WAXD signals of the bulk polyesters broaden and shift to lower
angles, indicating that the crystal cells are becoming larger and more disordered. Fiber
WAXS data show evidence of a layered or "herringbone" type structure in some cases;
polarized FTIR data from unoriented films show evidence of both CH2 and CF2
crystalline regions. The longer fluorinated segments were thus shown to disrupt
polyethylene-like packing; polyesters 12-8, 12-10, 22-8, and 22-10 all showed some
evidence of pseudo-hexagonal packing. They also evidenced a layer-like structure
containing both helical and disordered CF2 segments and CH2 segments with disordered
trans and gauche conformations; polyesters 12-10 and 22-10 had a higher proportion of
(CF2 )n helices than did polyesters 12-8 or 22-8.
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Polyesters 12-6 and 22-6 have not been as fully characterized as the other
systems; however, WAXD from the crude samples indicates that, as one would
anticipate, the behavior of these polyesters falls somewhere between that of the N-2 and
N-8 polyesters. The fiber WAXS pattern of polyester 22-6 shows rather poor orientation,
so the presence of a layered structure cannot at this time be determined. Polyester 12-6
appears to have a glass transition temperature which is lower than room temperature-the
polyester does not precipitate when poured from a solution into a non-solvent, and
polymer isolated by solvent evaporation is quite wax-like. This may suggest that the
fluorine segment length is too long to allow a planar zigzag conformation (like that of
polyester 12-2F), but too short to effectively form the CF2 helical segments shown by
polyesters 12-8 and 12-10. The apparently higher glass transition of the 22-6 polyester
may be accounted for by the longer aliphatic segment—the increased length should lend
greater stability to crystalline aliphatic regions. A more complete characterization of
both polyesters will be completed by Professors Kajiyama, Takahara and Sasaki et al. in
Japan upon their receipt of samples sent by us.
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CHAPTER 4. SURFACE BEHAVIOR OF FLUOROPOLYESTER FILMS
4. 1 Motivation for Surface Analysis
Fluorinated polymers made by chain-growth polymerization are quite well known
commercially. Poly(tetrafluoroethylene) (PTFE or Teflon®) is familiar to the consumer
as a non-stick coating on cookware; it is also widely used in scientific applications as a
solvent-resistant material with high thermal stability. One problem associated with
commercial PTFE, however, is that its solvent resistance and high melting transition
make post-polymerization processing nearly impossible. Other fluorinated polymers
have been developed to address this problem. They include among others
poly(vinylidene fluoride) (PVDF) and modified (meth)acrylates and are (like PTFE)
typically exploited for their solvent resistance or friction reducing properties, although
these properties are not quite equal to those of PTFE. 1
"8
There is somewhat of a trade-
off: reduction of the crystallinity or the fluorine content of a polymer, performed for
processing purposes, often results in decreased effectiveness of that polymer as a friction
reducing (i.e., low surface energy) or solvent resistant material.
The segmentally fluorinated polyesters described in this work differ from
conventional fluoropolymers; they have a lower overall fluorine content than PTFE or
PVDF, although the fluorine is locally concentrated in the fluorinated segments. In
addition, they are prepared by condensation polymerization as opposed to chain-growth
polymerization; this typically results in relatively lower molecular weights. Also, the
fluorinated segments are spaced at very regular intervals; this may result in more order
and more crystallinity than in the case of fluoropolymers which are made by modification
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of an existing aliphatic polymer (e.g., PMMA). 9 " 13 In addition, it was hoped that the
fluorinated segments would align preferentially at the surface of the polyester, resulting
in a high fluorine content at the air-polymer interface. This, in turn, could result in
PTFE-like surface behavior from an ultrathin film. The segmented polyesters in
question, having melting transitions generally between 50 and 60 °C, are very easy to
process. In fact, the melting transition is likely too low for many potential applications—
for example, one would not coat cookware with such a low melting material. However,
melting transitions for a given polymer can be tailored fairly easily by a number of
methods—for example, one could insert aromatic or hydrogen-bonding groups into the
polymer backbone to increase crystallinity and thus raise the melting point. This will
likely simultaneously improve the solvent resistance of the polymer, as well. The
remaining property of interest, then, is the friction reducing behavior of the polyesters. If
it can be shown that the fluorinated segments of these polyesters do align at the surface of
the film and that the resulting films have surface energies similar to PTFE, then these
segmentally fluorinated systems will present a "new", non-stick material with enhanced
processability relative to current alternatives. An additional benefit is that this material
will be an effective friction reducer even as an ultrathin film. With these motivations in
mind, the surface behavior of thin films cast from the polyesters was studied.
4.2 Surface Analysis Techniques
4.2.1 Ellipsometry
Ellipsometry is used to measure the thickness of a layer of polymer adsorbed to a
silicon wafer. It is reasonably accurate for extremely thin films; this sensitivity and its
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adaptability to the study of films under liquids present significant advantages over other
measurement techniques such as interferometry or electron microscopy. 14 Ellipsometry
in some form or another has been utilized since the mid-1800's. 1516 Rigorous
mathematical descriptions of ellipsometry and related optical techniques have been
provided by several authors; 17
' 19
what follows is a brief explanation of the origin and
physical meaning of the data yielded by a typical ellipsometer. For a somewhat more
detailed presentation of the mathematical equations used below, the reader is referred to
the article by Leif Tronstad 20 and other literature cited therein.
Figure 4.1 Schematic drawing ofan ellipsometer
4.2. 1 . 1 Experimental Aspect of Ellipsometry
The physical basis for ellipsometry is the change in the state of polarization of
light upon reflection from a surface. 14 Figure 4.1 is a schematic illustration of the
components of an ellipsometer. The electric vector of the incident light has two
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components: Ip is parallel to the plane of incidence, while Iv is perpendicular. Upon
reflection by the sample, the two components are retarded in phase and reduced in
amplitude to different extents. The output of a typical ellipsometer is in the form of the
phase retardation A and the ratio of the absorption coefficients tan V.M If the retardations
of Iv and Ip are denoted 5, and S„, respectively, the following equations hold:
A
= 8p-°». (4., a)
and
tan ¥ = (Iv/Rv) / flp/Rp), (41b)
where Rv and Rp are the amplitudes of the electric vectors after reflection. (More exact
equations for evaluation of the A and 4> values can be derived by spherical trigonometry,
employing the method of Poincare. 21 ) The phase retardation (A) can be experimentally
obtained by adjusting the compensator (see Figure 4.1) until the phase difference given to
the two incident vector components Iv and Ip exactly compensates that produced by the
reflection and then comparing the positions of the polarizer and the compensator relative
to the plane of incidence. Likewise, tan ¥ may be calculated based on experimental
measurements by the equation
tan ¥ = tan 0 t / tan 0a (4_2)
where the symbol 0 refers to the azimuth of the reflected light (with the plane of
incidence defined as zero); 0, is the theoretical azimuth while 0a is the actual
(experimental) azimuth. 0a is lower than 0 t due to the fact that the absorption
coefficients of parallel and perpendicular components of the light vector, though
theoretically identical, are in actuality different.
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4.2. 1
.2 Theoretical Aspect: From A and ¥ to Useful Values
Rudolf software "DafTBM" version 2.0 was used for the calculation of thickness
from A and *P based on the following equations. The relevant equations refer to the
difference between the A and V values obtained for a "pure" substrate and those obtained
for the same substrate coated with a non-absorbing film (denoted A and ¥ ). The
equations are,
A-A-_ 47rf * cousin
2
0
r (c«f^-^a)>+».V^ ~"° )[(co^-"« "X^-«)+«„V] (4-3)
and
2H/ -24/ = sin 24"*— *w 47ri cos«/)sin
2
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incidence, n the refractive index of the "clean" metal, k the absorption index of the clean
metal, and n0 the refractive index of the surrounding medium. All of these values are
either known or can be measured; the remaining quantities, 1 and m, respectively refer to
the average thickness and the average refractive index of the adsorbed film. Thus, from
the experimentally-obtained values of A and it is possible to calculate approximate
values of the film thickness and its refractive index. The computer program which was
used to solve the above equations generally required that either 1 or n, be entered
manually; i.e., to solve for the film thickness it was necessary to input an approximate
refractive index. For the segmentally fluorinated polyesters, approximate refractive
indices were calculated based on the Gladstone-Dale equation. The calculations were
performed by computer using the program ISIS Draw 2.3. The calculation assumes the
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molar refraction of the polymer to be the sum of the refractions of all the bonds or groups
that make up the polymer system; thus, once the structure is drawn in the computer
program, an approximate refractive index is computed based on chemical group
refractivities. To avoid exceeding the software's capabilities, a dimer (i.e., two repeat
units, each consisting of one aliphatic and one fluorinated segment) of each polymer was
used as the basis for the calculation of the refractivity. The value obtained for a dimer of
polyester 12-8 was compared with that calculated for the related trimer; the values
showed good agreement, indicating that the calculated refractive index of the dimer
should be a good approximation of that for higher polymers.
4.2.2 Contact Angle Measurement
The alternating linear aliphatic and fluorinated segments in the polyesters of
interest lead to comparison of the properties of these polymers to those of both HDPE
and PTFE. In terms of surface properties, one characteristic which lends itself to easy
comparison between systems is the contact angle. Figure 4.2 is a schematic of a typical
contact angle experiment. For the experiments reported herein, the probe fluid was
distilled water and the substrate a thin film of polymer coated on silicon, HDPE, or glass.
Both advancing (0A) and receding (0R) contact angles were measured,
respectively, as water was added to or withdrawn from the droplet. The difference
between the advancing and receding contact angles is reported as the contact angle
hysteresis; the source of this hysteresis will be discussed later in this section. The contact
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Syringe
Ysi
Figure 4.2 Illustration of contact angle measurement indicating relevant parameters.
angle is indicative of the surface tension of the polymer: a low contact angle results from
high surface tension, and vice versa. Specifically, as shown by Young's equation (4-5),
Yivcos 0 = Ysv-Ysi (4-5)
the contact angle (0) is related to the equilibrium between the surface tensions (y) in the
vicinity of the solid/liquid/vapor three-phase boundary. As Figure 4.2 suggests, y )v
represents the surface tension of the liquid in equilibrium with its saturated vapor, y sv
represents the surface tension of the solid in equilibrium with the saturated vapor of the
liquid, and y sj is the interfacial tension between the solid and the liquid. 24
Contact angle hysteresis arises when certain assumptions made by Equation 4-5
are not valid. The value of the contact angle given by Young's equation is termed the
equilibrium contact angle and depends on the following conditions: the solid must be
smooth, immobile, rigid, and nondeforming, the composition must be chemically
25homogeneous at the surface, and the solid must not interact with the probe fluid. * When
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these conditions are not met, hysteresis occurs. For the segmentally fluorinated
polyesters in question, the chemical composition at the surface is quite likely to be
inhomogeneous, and may contain ester functionalities capable of interacting with the
probe fluid (water) via hydrogen bonding; m addition, if the films are highly crystalline,
the surface is likely to be rough. Consequently, the fluoropolyesters are expected to show
some contact angle hysteresis.
For surfaces with relatively large scale heterogeneity (such as most phase-
separated polymer blends or diblock copolymers), contact angle hysteresis often arises
from the fact that the advancing angle is influenced more by low surface energy regions,
while the receding angle is more dependent on high surface energy regions. 24 For
example, the advancing edge of a droplet will be "pinned" when it encounters the edge of
a low surface energy domain: by definition, the sample-air interface is stable in a low
surface energy domain, so the creation of two "new" interfaces (sample-water and water-
air) is energetically unfavorable. Consequently, the low surface energy domain will
retard the advancement of the water droplet. The opposite phenomenon occurs when the
droplet is receded: the high surface energy or hydrophilic domain will resist withdrawal
of the fluid.
Concerning the segmented fluoropolyesters described in this dissertation, the
surface heterogeneity is on a very small (nearly atomic) scale. While fluorinated and
aliphatic surfaces differ somewhat in surface energy (see Table 4. 1 in Section 4.3), both
are hydrophobic, so a large hysteresis (with water as the probe fluid) cannot be readily
explained purely on the basis of surface energy differences, especially given that the
chemical structure of the polyesters does not allow for easy segregation into domains of a
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significant size. As mentioned above, the polyesters do have ester functionalities-albeit
at a low concentration-that are capable of hydrogen bonding with water. This may
allow explanation of some hysteresis as a result of the ensuing interaction; rather than the
advancing edge of the droplet being "pinned" or retarded by a relatively large low surface
energy domain (a repulsive interaction in a sense), it may be pinned by several hydrogen
bonds to surface carbonyls (an attractive interaction). The edge of the receding droplet
may also be anchored by hydrogen bonds, leading to a low 0R and thus hysteresis. An
additional effect on the hysteresis may be observed if the surface is rough. Rather than
advancing smoothly up and down the slopes of surface asperities, the water droplet will
tend to hop from the top of one hill to the next-this is largely due to the surface tension
of the water droplet itself. The receding droplet will show no such "jumpiness"; if
anything, the receding edge will be somewhat retarded as it encounters surface asperities.
An additional influence of surface roughness, if it is extreme, is that bare patches of the
silicon substrate may be present, allowing for additional hydrogen bonds with the silicon
-OH.
Realistically, contact angle hysteresis exhibited by a given system is most likely
to arise from a combination of sources, including surface chemistry and morphology.
Some more detailed mathematical treatments of surface heterogeneity as it affects contact
angle hysteresis have been published by Cassie and Baxter26 and Israelachvili and Gee. 27
The relevant correlations for the fluoropolyesters in question were explored
experimentally and will be described in Section 4.3, based on the XPS and AFM
techniques described below.
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4.2.3 X-Ray Photoelectron Spectroscopy
The effect of chemical structure of the surface on contact angle measurements can
be explored m part by X-Ray Photoelectron Spectroscopy (XPS, also known as ESCA or
Electron Spectroscopy for Chemical Analysis). For example, for the polymers in
question, it is desirable to know whether high contact angles arise from a high fluorine
concentration at the surface, the presence of scattered hydrogen-bonding groups such as
carbonyls, physical phenomena such as surface roughness, or (most likely) a combination
of the three. XPS can be used to indicate the concentrations of individual atom types
within a certain depth from the sample surface, up to 100 A. 28 For the purposes of this
dissertation, XPS was used to confirm high concentration of fluorine atoms at the surface
of films cast from a given segmental fluoropolyester; high fluorine content at the surface
supports some chemical basis (as opposed to merely physical) for high advancing water
contact angles.
For XPS, a "soft" X-ray source such as Al Ka or Mg Ka is used to irradiate a
sample that is under ultrahigh vacuum. The sample atoms absorb the photons and
transfer them to their core electrons; these electrons are sufficiently excited to be ejected
from the atom. XPS measures the kinetic energy of the ejected photoelectron at the
detector. This kinetic energy, Ek , is related to the original binding energy Eb of the
ejected electron by the equation,
Eb = hv - Ek (4-6)
This binding energy can therefore be calculated, since the X-ray photon energy hv is
known based on the X-ray source used. The XPS detector measures the number of
electrons of each given binding energy. Since the binding energy of a given electron is
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specific for each atomic orbital (Is, 2s, 2p, etc.) of its source element, data from the XPS
can be used to determine the percentage of each type of atom at the sample surface; the
dependence on the atomic orbital also allows distinction between different hybridizations
of a particular element (for example, sp2 carbon as in C=0 versus sp3 carbon as in C-F).
Realistically, the calculation of atomic composition must incorporate some sensitivity
factors that take into account the varying photoelectron cross-sections of atoms. For
example, a relatively electron-rich atom such as silicon can be expected to generate more
photoelectrons than a less electron-rich atom such as carbon; without incorporation of
sensitivity factors, then, XPS of a surface comprised of a mixture of silicon and carbon
would always overestimate the percent of silicon. The sensitivity factors for each type of
atom are obtained from samples with known composition and are dependent on the X-ray
source, the atomic number of the element, and the orientation of the sample with respect
to the X-ray beam and the detector. 29
Thus far the discussion has only focused on how XPS distinguishes between atom
types; the next paragraph will briefly explain the basis for its surface selectivity. At
certain depths below the surface, the ejected photoelectrons will be stopped due to
inelastic collisions. Thus, below a given depth, photoelectrons will be prevented from
escaping. Consequently, the sensitivity of XPS decreases exponentially with depth
according to the equation
N = No e-(t/ * sin0) (4_7)
where N is the number of electrons detected, N0 is the number of electrons ejected at
sampling depth t, X is the electron mean free path, and 0 is the angle between the plane
of the sample surface and the detector as indicated in Figure 4.3/
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Figure 4.3 Schematic of variable angle XPS experimental setup.
From Equation 4-7 it is evident that 95% of the detected photoelectrons N originate from
the outermost 3X sin 0. At low angles 0 the ejected photoelectrons must travel through
more solid than at steeper angles-i.e., the distance d in Figure 4.3 is greater at lower
angles-resulting in more collisions. Therefore, at small angles the detected electrons
originate almost entirely from the outermost surface of the sample; steeper angles give
atomic composition data for greater depths from the surface. Consequently, by using
XPS at a variety of angles 0, an atomic composition depth profile of a surface may be
obtained. The angles used routinely for the purposes of this dissertation—hereafter
referred to as take-off angles—were 15° and 75°. If one assumes a mean free path X of
14 A for Cis electrons,28 then based on Equation 4-7 the take-off angles of 15° and 75°
will survey depths of approximately 10 A and 40 A, respectively. Approximately 54% of
the photoelectrons measured at 75° originate from the top 10 A. 24 Thus, if a large
variation is seen between XPS data collected at 15° and at 75°, the difference will reveal
selective concentration of a particular functionality in the surface (i.e., the outer 10 A) of
the sample. The usefulness of this principle for the purposes of this dissertation consists
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in the ability to detect the fluorine content in the top 10 A of a sample film relative to the
fluorine concentration at greater depths.
4.2.4 Atomic Force Microscopy
As described above, XPS is a valuable tool for correlating surface chemistry to
observed properties such as surface energy and wettability. However, these properties
are also influenced by the phys,cal chemistry of the surface, including its morphology
and crystallinity. The degree of crystallinity and relevant crystalline dimensions of a
thin film can be measured by grazing incidence X-ray diffraction (GKD); since that
technique was not locally available, GIXD results will not be included in this dissertation.
However, a qualitative view of the crystallinity and a good estimate of the surface
roughness may be obtained by atomic force microscopy (AFM). AFM can produce an
image of the surface based on height differences or on phase differences. The height
image allows statistical calculation of the surface roughness, while the phase image can
reveal differences in the "hardness" of the surface arising from crystallinity or, in the case
of block copolymers or blends, phase segregation (e.g., separation of "hard" polystyrene
from "soft" poly(methyl methacrylate in PS-PMMA copolymer systems).
The theoretical description of AFM which follows is a fairly concise summary; for
additional details, two good references are the Dimension™ 3100A User Manual and the
associated Dimension™ 3100 Series Scanning Probe Microscope Instruction Manual,
both published by Digital Instruments. 31 In addition, the initial development of AFM as a
technique is described by Binnig, Quate, and Gerber.32 There are four basic hardware
components which are common to all SPM systems, including the AFM. These include
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the tip, scanner, detection mechanism, and feedback electronics. Figure 4.4 illustrates a
typical head design for a scanning probe microscope (SPM); in the figure, the locations
of the tip and detector are illustrated. The tip is the element that directly interacts with
Detector
Laser
Collimator
Primary (Focusing) Lens
< Piezo Tube Scanner
TrakScan(TM) Tracking Lens
- Dichroic Mirror
- Cantilever
Sample
Figure 4.4 Schematic of the atomic force microscope head design. In the Digital
Instruments Dimension system, the dichroic mirror projects an image of the surface to a
top view optical microscope (not shown), allowing the user to focus and then engage the
SPM on regions of interest on the sample surface. 33
the sample surface. The tip is mounted on the end of a cantilever (see Figure 4.4), which
is deflected by pressure upon the tip; for a typical AFM experiment, the tip is moved
relative to the sample surface by means of a piezo tube scanner. The tube consists of five
or more independently operated piezo elements, each of which can be made to contract or
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elongate proportionally to an applied voltage. Voltages are applied such that the SPM
probe is moved across the sample surface in a raster-like pattern. A laser (1.0 max at 670
nm) deflected from the cantilever is continuously detected by a quad photodetector and
converted into an electronic image of the surface. The resolution obtained depends upon
many factors; among them are the tip geometry (size as well as shape) and the cantilever
spring constant. A low spring constant results in high sensitivity, but may result in the tip
being susceptible to entrapment by surface tension forces in the sample. A high spring
constant results in the probe being more intrusive (i.e., it exerts a stronger force on the
surface). The exact choice of tip and cantilever is dependent on the type of sample being
studied.
The feedback electronics in an SPM are used to control tip-sample interaction;
specifically, they are designed to keep the tip-sample interaction constant. In tapping
mode AFM, this means maintaining the tip forces (e.g., the amplitude of the cantilever
oscillation signal to be maintained by the feedback loop) at some constant by correlating
point-by-point the feedback system's status with scanner motions.
The detector assembly used by the Dimension Series SPM's is shown in
schematic form in Figure 4.5. The position sensitive detector consists of a quad photo-
diode, the four elements of which are combined to provide different information
depending on the operating mode of the microscope. For AFM, the amplified differential
signal between the top two elements and the bottom two elements provides a measure of
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Position sensitive detector
(special photo diode)
Figure 4.5 Detector assembly used by Dimension Series SPM.
the deflection of the cantilever. This differential signal may be used directly for contact
AFM; for tapping mode, it is fed into an RMS converter. For a detailed description of the
other detector components, the reader is referred to the Dimension 3100 Series Scanning
Probe Microscope Instruction Manual. 33
The most basic mode of AFM is contact mode. For a typical contact mode
experiment, the AFM tip is dragged across the sample surface while the cantilever
deflection is used to determine variations in height and phase (illustratively, "stickiness")
across the surface. One of several shortcomings of this method is the excessive wear on
the AFM tip. In addition, the tip is susceptible to contamination by the surface or
impurities thereon. Tapping mode compensates for these problems somewhat. In
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tapping mode, the cantilever is oscillated at its resonant frequency by a piezo stack. This
causes the tip to bounce up and down, so that the reflected laser beam is deflected in a
regular pattern, resulting in the production of a sinusoidal electronic signal at the
photodiode array. When the tip comes in contact with the sample surface, an additional
deflection occurs. The effect on the sinusoidal return signal reveals information about the
vertical height of the sample surface, as well as information on the characteristics of the
sample material itself (e.g., hardness). In the case of the fluorinated polyesters which
were studied for this project, tapping mode AFM was examined for two purposes: first of
all, the height contrast data produced by the sample surfaces were used to estimate
surface roughness and crystallinity; secondly, the phase contrast images were used to
correlate surface features in the height image with crystalline (hard) or amorphous (soft)
regions.
Roughness analysis was carried out with the aid of the NanoScope m software.
Once a suitable AFM height image was obtained for a particular polymer, a
representative 1 fxm
2
square area of that image was selected. A plane of "zero
roughness" was designated by averaging the relative heights of the five lowest and five
highest points on the sample surface within the 1 um2 square. The average roughness for
the polymer sample was then computed by determining the average deviation of the
surface from the plane of zero roughness. All of these calculations were performed by
the software itself; the user needed only to select the 1 um2 section of the image to be
analyzed. Further details on this and other image processing techniques used by the
NanoScope software may be found in the Dimension™ 3100A user manual. 31
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4.3 Experimental Procedure
Ellipsometry was performed using a Rudolph Research AutoEL-H Automatic
Ellipsometer. X-ray photoelectron spectra were acquired on a Perkin-Elmer XPS.
Contact angle measurements were carried out on a Rame-Hart, Inc. NRL Contact Angle
Goniometer. Tapping mode atomic force microscope images were obtained on a Digital
Instruments NanoScope m using Digital Instruments Model TESP etched silicon tips
(cantilever length 125 m, tip height 10 to 15 urn). The tips had a typical resonance
frequency of 300 kHz and a spring constant of 42 N/m.
Thin layer chromatography (TLC) was performed using an appropriate solvent as
the mobile phase and polystyrene-backed silica plates as the stationary phase. Hanes-
Isherwood reagent (see Section 2.2) was used to visualize the adsorbed polymer and
calculate the Rf value.
Test grade silicon wafers were obtained from International Wafer Service as semi
standard flats; the wafers were initially 100 mm in diameter and 450 to 575 nm thick.
They were cut into 1 cm x 1 cm squares. These squares were pretreated by an oxidizing
acid etch procedure to both clean the surface and to give a more uniform silicon oxide
layer thickness: approximately 200 mg sodium dichromate dihydrate (Acros) were
dissolved in 40 ml concentrated sulfuric acid. This red-orange solution was added to 20
ml 35% hydrogen peroxide (aqueous). A strongly exothermic reaction resulted, and the
solution turned green. A specially designed glass tray (see Figure 4.6) holding 3 or 4
silicon squares was fully immersed in the green solution and left there until bubbling
ceased (typically overnight). The tray and wafers were then immersed for 5 minutes in a
1M potassium hydroxide solution, followed by 8 to 10 rinsings (5 minutes each) in
87
distilled water. The wafers were dried at 120 °C under nitrogen flow for at least 4 hours
The thickness of the SiQ2 layer on the dried wafers was measured using ellipsometry.
Figure 4.6 Glass tray used to hold silicon wafers.
The wafers were then coated with the polymer of interest. Spin-coating was performed
using a 10 mg/ml solution of each polymer in dry chloroform. Revolution speeds were
typically around 1000 rpm. Solution casting was used to create adsorption plots of
polymer film thickness versus solution concentration. Polymer solutions were usually
made with concentrations of 1.0, 2.5, 7.5 and 10 mg/ml. The solvent used was generally
chloroform, dichloromethane, or benzene; dry solvents were used to prevent competitive
water adsorption to the silicon substrate. For a typical adsorption experiment, the glass
tray containing 3 or 4 wafers was immersed in a particular polymer solution for 24 hours.
After the 24 hour adsorption, the silicon wafers were rinsed in a non-solvent such as
petroleum ether for four minutes and then dried in a vacuum oven at ambient
temperature. Rinsing in a solvent instead of a non-solvent resulted in dewetting of the
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adsorbed films. Both spin-coated and solution cast films were characterized using
ellipsometry, X-ray photoelectron spectroscopy (XPS, also known as ESCA), atomic
force microscopy (AFM), and contact angle measurement.
4.4 Results and Discussion
The R f value of a given polymer (from TLC) was used to obtain a rough estimate
of the relative interactions between the polymer, silica, and the solvent. For example, a
high Rf would suggest that the polymer's affinity for silica was low relative to its affinity
for the solvent; consequently, a poorer solvent would be preferred if one wished to
solution-cast a reasonably thick film of the polymer in question onto a silicon wafer.
Experimentally, no solvent tested produced a spot with high Rf. TLC run from
chloroform solution gave a spot with an Rf value of essentially zero, even though
chloroform is a good solvent for the fluoropolyesters. It is therefore concluded that
polyester adsorption to silicon is quite strong; i.e., the polymers do not desorb very
readily, presumably due to hydrogen bonding between the polyester and the hydroxyl
groups on the silicon substrate. Once suitable TLC results were obtained, thin films of
the polyesters were either spin-coated onto silicon wafers or cast from 10 mg/ml
solutions using the appropriate solvent.
Solution cast films were applied to the silicon wafer substrates by immersion in a
polymer solution. The minimum desirable duration of immersion was determined to be
22 hours by the following procedure: a 10 mg/ml solution of polyester 12-2 in dry
chloroform was adsorbed to silicon wafers for a periods ranging from 30 minutes to 44
89
hours. Ellipsometry indicated that the thickness of the adsorbed polymer film reached a
plateau value within 22 hours.
Table 4.1 shows some typical advancing and receding water contact angle values
listed by du Toit et al?A for fluorinated and aliphatic polymers; in cases where only one
angle is given in the table, that value is believed to be the equilibrium contact angle. The
values for HDPE given are experimental values obtained for a fairly rough surface—the
Table 4. 1 Selected Contact Angle Values34
Polymer ©A (deg) oR (dejjj
PTFE 108 92
HDPE 97 40
PVDF 82
General Polyester 81
Si02 84 69
Seg. Fluoropolyesters 93-121 50 - 75
surface roughness is the source of the rather large hysteresis. As is evident from Table
4.1, fluorinated surfaces such as PTFE generally show high contact angles relative to
analogous hydrocarbons when water is used as the probe fluid. Polyesters, on the other
hand, show lower contact angles than polyethylene; the hydrogen-bonding capability of
the ester functionality results in decreased interfacial tension between the water droplet
and the polymer surface. HDPE which has been subjected to surface fluorination
typically has a lowered contact angle due to simultaneous oxidation of the HDPE surface
which occurs during the fluorination. 34 '35 Based on this example, one might expect
segmentally fluorinated polyesters to have lower contact angles than HDPE. However, if
the ester functionalities are excluded from the surface while the fluorinated segments are
concentrated at the surface, contact angles close to those of PTFE may be anticipated.
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Finally, if a small percentage of ester functionalities are present at an otherwise fluorine-
enriched surface, the contact angles may exceed even those of PTFE-as described
above, the isolated ester groups may momentarily "pin" the advancing edge of the water
droplet by hydrogen bonding interactions, causing the advancing angle to be
extraordinarily high. In this case, a rather high hysteresis should be readily evident, since
those same ester groups can pin the edge of the droplet again as it recedes (see Section
4.2.1).
Early adsorption experiments consistently gave unsatisfactory results in terms of
thicknesses and contact angles of the adsorbed films. The discussion which follows will
use polyester 12-2 as an example. Some preliminary experiments were carried out using
a 10 mg/ml solution of polyester 12-2 in dry dichloromethane. After 24 hours of
immersion in this solution, the silicon wafers were rinsed for 4 minutes in neat
dichloromethane and then dried in a vacuum oven at ambient temperature. The resulting
films had average thicknesses of only 23 nm (average value obtained for 9 different
measurement sites on 4 different silicon wafers). Further examination of these films led
to the conclusion that dewetting was occurring. Evidence for dewetting was obtained in
several different manners. Figure 4.7 shows an optical micrograph (obtained from the
focus stage of the AFM) of the aforementioned film of polyester 12-2; from the image it
can be seen that (1) the polymer is highly crystalline at the surface and (2) apparent
"bare" patches of silicon are visible. AFM images of thicker films of the different
polyesters will be presented later in this section; they will also indicate fairly crystalline
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Figure 4.7 Optical micrograph ofdewettedfilm ofpolyester 12-2.
polymer films. The contact angles of dewetted films such as that shown in Figure 4.7, as
mentioned earlier, are quite low. As shown in Table 4.1, silicon has a lower contact
angle than HDPE or aliphatic polyesters; thus, low contact angles are to be expected from
dewetted samples. As further evidence that dewetting is occurring, XPS data for the
Table 4.2 XPS Data for Polyester 12-2
15° takeoff angle 75° takeoff angle
Element Cone. (%) Element Cone. (%)
C 1s 13.72 C1s 7.46
F 1s 25.18 F1s 23.34
0 1s 57.35 0 1s 63.76
Si 2p 3.76 Si 2p 5.44
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12-2 polyester are shown in Table 4.2. As indicated in the table, there is a Significant
amount of silicon present even in the top 10 A of the surface. Also, deconvolution of the
Si peak confirms that this silicon signal is primarily due to Si02 ; that is, the silicon
present at the surface is the native substrate, not some other Si contaminant.
Dewetting had not been anticipated for these systems; the ester functionalities in
the polymer backbone were expected to hydrogen bond with the hydroxyl groups on the
silicon surface and "anchor" the polymer to the substrate. In addition, TLC results
suggested only very limited desorption of the polymer in solution-^ven good solvents
produced spots with R f's near zero. However, crystallization (such as that suggested by
Figure 4.7) may provide a suitable driving force for polymer desorption. Since polymer
density is higher in a crystalline region than in neighboring amorphous regions, a
growing crystal must pull additional polymer from its surroundings as it grows. This
may result in the type of dewetting pattern pictured in Figure 4.7 and is aptly termed
"crystallization-induced dewetting". Crystallization-induced dewetting may be prevented
by rinsing the adsorbed films in a non-solvent prior to drying. The non-solvent generally
causes the polymer to solidify (precipitate); the resultant loss of polymer chain mobility
will then prevent-or at least reduce-crystallization. Dewetting which is not exclusively
crystallization-induced may occur if the adsorbed polymer is swollen with solvent. If the
polymer crystallizes as it adsorbs to the substrate, the local concentration of polymer near
the surface becomes depleted since crystallization essentially removes polymer from the
solution; this allows for very thick layers of polymer to be adsorbed. If, however, the
polymer is not removed from solution as it adsorbs, the local concentration becomes
higher than that of the surrounding solution; at some point, further adsorption will be
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prevented due to osmotic pressure. In this case, dewetting may occur as the adsorbed
film dries-if the polymer is swollen, the volume reduction associated with evaporation
of solvent may result in insufficient polymer to entirely coat the silicon surface. This, in
turn, will lead to dewetting. Again, rinsing the adsorbed films in a non-solvent may
reduce dewetting by "collapsing" the swollen polymer while it is still somewhat solvated.
Obviously, dewetting will not be as efficiently reduced in this case as it will be if it is
crystallization-induced.
For the fluorinated systems studied, it was concluded that the dewetting was in
fact induced by crystallization of the polymers. Evidence supporting this conclusion
includes: 1) the tendency of these systems to be crystalline in the bulk as shown by
WAXS and DSC (see Chapter 3), 2) a dramatic increase in film thickness and
elimination of dewetting achieved by rinsing the adsorbed films in a non-solvent prior to
drying, and 3) relatively low molecular weight and absence of crosslinks suggesting that
swelling of these systems is somewhat less likely than in the case of more typical
polymers.
Once the problem with dewetting was solved by rinsing the freshly-adsorbed
films in a non-solvent, solution cast films with thicknesses ranging from 100 to more than
1000 nm were obtained. The thickness of the adsorbed layer obtained for a particular
polyester could be controlled to some extent by the choice of solvent used for the
adsorption and by the choice of non-solvent used to rinse the wafers prior to drying.
Changing the concentration of polyester did not allow for reliable control of the film
thickness; rather than a simple decrease in film thickness with decreasing concentration,
poorer coverage was often obtained. Increasing the concentration of the adsorption
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solution above 10 or 15 mg/ml occasionally resulted in a sharp increase in the viscosity
of the adsorbing solution; since the consequent restriction of polymer mobility in the
solution could influence the adsorption equilibrium, concentrations above approximately
12 mg/ml were avoided. Figure 4.8 shows a plot of concentration versus thickness for
polyester 22-8 (adsorbed from a 10 mg/ml dichloromethane solution and rinsed in
petroleum ether, a general non-solvent for all fluoropolyesters studied). The different
thickness data displayed are values obtained by ellipsometry at three or four different
sites on each of the three wafers exposed to a particular concentration. The wide margin
of error between the thicknesses obtained at a given concentration suggests a rough
surface, with the extent of polymer coverage varying significantly.
The variation is such that similar "isotherms" obtained for other polymers
frequently have entirely different shapes; Figure 4.9 is an isotherm for polyester 22-2
cast from the same solvent system. For polyester 22-2, the variation in thickness is
dramatic—coverage ranges from almost bare silicon to a thickness approaching 2 urn!
The lines drawn on Figures 4.8 and 4.9 connect the average thicknesses obtained for each
concentration; clearly, the shapes of these lines are quite different, although the
difference can hardly be assigned much significance given the huge margin of error.
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Figure 4.8 Dichloromethane "isotherm" for polyester 22-8.
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Figure 4.9 Dichloromethane "isotherm" for polyester 22-2.
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The large fluctuations in layer thickness and also in the overall coverage of the
silicon wafer can be explained in terms of the polyesters' crystallinity. As described
above in the discuss,on of dewetting, crystallization of a polymer on a silicon substrate
results in a locally depleted concentration of polymer in the solution; consequently,
osmos,s drives further adsorption, potentially resulting in quite thick films. The proposed
explanation for the variation in film thickness and coverage, then, is that particular sites
on the silicon substrate serve as nuclei for polymer crystals. As a result, coverage is high
and the "film" is quite thick near these sites. On the other hand, polymer which adsorbs
to the silicon without crystallizing creates a locally high concentration which prohibits
further adsorption; consequently, coverage is sparse on parts of the silicon wafer which
are relatively "far" from crystal nuclei. If this hypothesis is valid, the best way to create a
crystalline film of nearly uniform thickness from these segmented fluoropolyesters may
be to seed the silicon substrate, using, for example, a polymer brush or other type of
"primer" coat. Such an experiment is beyond the scope of this dissertation; the coverage
obtained for the polyesters as described, although not uniform, still results in some
interesting behavior which will be expounded below.
Irregardless of the efficiency of surface coverage, films with average thicknesses
of more than 100 nm yielded unexpectedly high advancing contact angles. While the
chemical structure of the segmented fluoropolyesters might suggest contact angles
intermediate between those of PTFE and HDPE or aliphatic polyesters (see Table 4.1),
experimentally the fluoropolyesters gave advancing contact angles similar to those of
PTFE and, in some cases, even higher. Appendix A contains all contact angle data
obtained for the segmented fluoropolyesters; Table 4.3 shows those systems which
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Table 4.3 PTFE-Like Contact Angles
Polymer
P12-6
P12-8
P12-8
P12-10
P22-2
P22-2
P22-6
P22-8
P22-8
P22-10
P22-10
P22-10
General
General
Adsorption method
soln cast, 10 mg/ml benzene**
soln cast, 10 mg/ml benzene**
soln cast, 10 mg/ml CH2CI2*
spin-coated onto Si
spin-coated onto Si
soln cast, 10 mg/ml CH2CI 2 *
spin-coated onto Si
spin-coated onto Si
soln cast, 10 mg/ml CH2CI2*
spin-coated onto Si
spin-coated onto UHMWPE
soln cast, 10 mg/ml CH2CI 2 *
(soln cast)
(soln cast)
*,
**
- rinsed in petroleum ether
adsorption chamber heated at 40 °C
- rinsed in benzene
Thickness
{average, nm)
H 2 0 Contact Angl
adv rec
100° 38°
1 ooo 105° 67°
170 103° 73°
DUU 112° 57°
1700 121° 52°
870 128° 507NA
7Q0 102° 70°
500 105° 1 o
375 100° 50°
500 105° 76°
NA 105° 69°
1000 112° 76°
<30 60 - 65°
60 - 100 90 - 95°
yielded PTFE-like contact angles. The table also indicates general results obtained for
solution cast films when substantial dewetting occurred (i.e., when the final average
thickness was less than 100 nm). Several polymer films had advancing contact angles
higher than those of PTFE; as explained above, this is presumably due to the presence of
isolated carbonyl groups at the surface which pin the advancing edge of the water droplet
by hydrogen bonding. Supporting evidence for this presumption is found in the results
for polyester 22-2: while this polymer has a lower fluorine content than any of the
analogues, it has a higher advancing contact angle. The low fluorine content makes a
fluorine-enriched surface highly unlikely; however, if the fluorinated segments do
concentrate at the surface, carbonyls will also be present there, since each fluorinated
segment is bounded by an ester group on either side. Thus one can relate the higher
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advancing contact angle of polyester 22-2 to a higher carbonyl content at the surface (i.e.,
a higher ratio of C=0 to F compared to the other polymers, disregarding the relative
percentage of CH2 in the repeat unit structure).
A potential problem with this reasoning is that polyester 12-2 is notably absent
from Table 4.3, in spite of its lower aliphatic content. Regardless of the adsorption
conditions tried, no films of polymer 12-2 were obtained which gave contact angles
higher than 100° (see Appendix A). There are two possible explanations for these results;
firstly, polyester 12-2 is the most highly soluble polymer of those synthesized, dissolving
in several solvents which would not dissolve any of the analogues. It is therefore
possible that dewetting was not as effectively prohibited with this polymer as it was with
the others. Secondly, polyester 12-2 was also the most crystalline of the series. Since the
crystal structure as evident from the bulk does not allow for preferential alignment of
fluorine at the surface (see Chapter 3), the surface of this polymer may have limited
fluorine content simply due to the fact that it is too highly crystalline; GDCD data is
needed to support this explanation.
While the high advancing contact angles obtained in Table 4.3 may suggest a
fluorine-enriched surface, several alternative explanations exist. For example, one could
use the "water-pinning" phenomenon to reason that all of the contact angles shown in
Table 4.3 are merely the result of isolated carbonyl groups at the surface; that is, it is
perhaps possible that such PTFE-like contact angles are not an effect of the fluorine in
the segmented polyesters, but merely a result of isolated hydrogen bonds between the
advancing or receding droplet and the sample surface. This would, in fact, account for
the large hysteresis observed in the contact angle measurements. Surface roughness
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could also account for both the high advancing angles and the large hysteresis.
Therefore, to determine whether the segmentally fluorinated polyesters are truly surface
active, it was necessary to examine the chemical structure of the polymer film surface
using XPS. Table 4.4 shows the XPS results for polyester 12-8, solution cast from
benzene (10.3 mg/ml) at 40 °C. The average film thickness of this particular sample is
Table 4.4 XPS Results for Polyester 12-8
15° takeoff angle 75° takeoff angle theoretical for
Element Conc'n (%) Element Conc'n (%) bulk polymer*
C 1s 41.13 C 1s 57.42 52
F 1s 43.88 F 1s 33.06 38
0 1s 14.08 0 1s 8.71 10
Si 2p 0.91 Si 2p 0.81 0
*
- see text
approximately 980 nm. The theoretical concentration of each atom in this polymer's
repeat unit is 33% carbon, 24% fluorine, 36% hydrogen, and 6% oxygen. Since
hydrogen is not detected by XPS, the C:F:0 ratio expected in the XPS results is 5.5 : 4 : 1
(or 52% : 38% : 10%). Comparing this ratio to the experimental results in Table 4.4, it is
seen that the top 10 A of the surface (detected using a 15° takeoff angle) is in fact
enriched in fluorine of the 12-8 polyester. XPS results for other polymers are given in
Appendix B. The fluorine content detected by XPS is in most cases lower than the
theoretical fluorine concentration for the bulk polymer; this discrepancy can be easily
explained in terms of oxidation or other surface contamination. Based on the data
presented in Appendix B and in Table 4.4 it is seen that, while polyester 12-8 forms a
film with a fluorine-enriched surface, the other polyesters fail to show a similar degree of
fluorine enrichment. Polyesters 12-6, 22-2, and 22-8 all show a slightly higher fluorine
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concentration at the 15° takeoff angle than at 75°; the remaining polyesters, however,
show a low fluorine content at the surface. The XPS results presented in Appendix B
were all obtained from samples which gave an advancing contact angle of 100° or higher,
with the exception of polyester 12-2. It can therefore be concluded that the high
advancing contact angles obtained for the segmented fluoropolyesters are due to some
factor other than a PTFE-like surface chemistry. With the possible exception of polyester
12-8, the fluoropolyesters have too low a surface fluorine content for a PTFE-like
structure to be feasible. The polyesters are thus not what one could call "surface
active"—there is no segregation of fluorinated segments to the surface of a thin film
(again, with the possible exception of films cast from polyester 12-8).
This result is not what had been hoped for; however, neither is it altogether
unexpected. The crystallography results presented in Chapter 3 show no evidence of a
crystal structure that could allow a perfluorinated surface. Since the polyester films
appear to be highly crystalline, it is therefore no surprise that the fluorinated segments are
not efficiently excluded to the surface. In addition, surface contamination of the films
could potentially interfere with any existing tendency of the fluorinated segments to
segregate at the surface. For example, in the case of polyester 22-6, the XPS results
suggest surface contamination by an organosilicon compound. Since silicon compounds
frequently exhibit low surface energy, a silicon-contaminated polymer surface will
presumably have a lower surface energy than the "clean" surface. Consequently, the
energetic driving force for fluorine segregation is reduced, if not eliminated.
Since XPS suggests that fluorine content is not the sole basis for the non-
wettability of surfaces coated with films of segmented fluoropolyesters, a comparison
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was made of .he different polyesters to see if a trend could be found between contact
angles and other factors such as carbonyl content and surface roughness. In addition, the
hysteresis in the contact angle measurements of these films remains to be explained. To
reveal any relevant trends, Table 4.5 was created to compare each polyester's contact
angle hysteresis with the film surface roughness, the carbonyl group percentage in the
repeat unit, and the percentage of fluorine in the repeat unit. The mean roughness of a 1
mm 2 square portion of the surface is calculated from the AFM image as described in
Section 4.4.4; the sample imaged with AFM was taken from the same batch as that which
produced the highest contact angle measurements given in Table 4.3. For the backbone
Table 4.5 Comparison of Polymer Roughness and Composition
Polymer 12-2 12-6 12-8 12-10 22-2 22-6 22-8 22-10
Roughness (nm) 1.46 6.57 2.23 6.64 2.77 3.83 3.70 25.84
Backbone Composition (%)
CH 2 75 60 55 50 85 73 69 65
CF2 13 30 36 42 8 20 25 29
OCO 13 10 9 8 8 7 6 6
Atom Concentration (%)
C 33 33 33 33 33 33 33 33
H 50 40 36 33 56 49 46 43
O 8 7 6 6 5 4 4 4
F 8 20 24 28 5 13 17 20
Water Contact Angle (°)
advancing 77 100 103 99 128 102 100 112
receding 7 38 73 22 50 70 50 76
hysteresis 70 62 30 77 78 32 50 36
composition, "CH2", "CF2" and "OCO" were each counted as a unit to calculate the
relative concentration of ester moiety in the repeat unit. For the atom concentration, the
percentage of each given atom is unweighted; e.g., to calculate the percentage of fluorine,
the number of fluorine atoms in one repeat unit was divided by the total number of atoms
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(carbon + hydrogen + oxygen +fluorine) in the repeat unit, and the answer was multiplied
by 100. From the table it is apparent that the contact angle hysteresis cannot be directly
correlated to just one of the factors considered. In fact, this was expected; the large
number of factors which affect surface wettability and contact angle make correlation to
just one particular factor extremely unlikely. The contact angles of the segmentally
fluorinated systems are influenced by surface chemistry (including the presence of both
fluorine and hydrogen bond-capable oxygen atoms), roughness, and crystallinity. Based
on Table 4.5, one possible trend was initially seen between the fluorine content and the
surface roughness for polyesters containing 2, 8, or 10 fluorinated carbons: for a given
aliphatic segment length, the mean surface roughness seemed to increase as the fluorine
content increased. A crude plot of surface roughness versus fluorine content for the
(CH2)i2 and (CH2)22 polyester series (excluding polyesters 12-6 and 22-6) is shown in
Figure 4. 1 0. From the figure it appears that increasing the fluorine content from two
CF2 's to eight CF2 's results in a slight increase in surface roughness, while increasing the
fluorine content further to ten CF2 's causes a dramatic increase in roughness. The reader
will recall that, based on data presented in Chapter 3, the crystal packing mode of these
segmented systems changes from a fairly ordered, orthorhombic planar zigzag for the 12-
2 and 22-2 polyesters to a disordered, pseudo-hexagonal layered structure for the 12-8
and 22-8 polyesters and then to a disordered, pseudo-hexagonal layered structure with a
higher proportion of (CF2)n helices for the 12-10 and 22-10 polyesters. Based on Figure
4.10, one might conclude that the difference in chain conformation (i.e., planar zigzag
versus PTFE-like helix) manifests itself in the surface roughness.
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Figure 4.10 Plot ofsurface roughness versusfluorine content.
One problem with this analysis is that the surface roughness is quite certainly
affected by sample preparation; it is therefore possible that the shape of the curves in
Figure 4.10 could be varied if a different sample preparation method was used. (Recall
that the sample preparations and thus the data points chosen for Figure 4.10 were based
on those samples which gave the highest obtained advancing contact angles.) The other
problem is that films cast from polyesters 12-6 and 22-6 did not fit this trend. In both
cases these polymers had a higher roughness than what would have been expected if the
trend were valid—whether the trend is therefore invalid or whether the two polyesters
simply have a different crystallization scheme (thus affecting their surface roughness)
remains to be determined. It is of interest to examine the crystallization scheme and the
overall crystallinity of all of the polyesters' surfaces via GIXD; this technique is available
to the author's collaborators at Kyushu University, Japan (see Chapter 3), and the
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relevant analyses will be earned out there in the near future. The data obtainable by this
method will present a clearer picture of the morphology of the polyester films, allowing
better correlation of observed properties such as roughness to the polymer crystallinity,
which may then be related to fluorine content.
A rough qualitative idea of the surface morphologies of the polyester films can be
seen via AFM; the AFM images of the different polyesters show quite a bit of variation.
Figures 4.1
1
through 4.18 on the following pages contain representative height and phase
images of each polyester; these are, in practice, the images that served as the basis for the
surface roughness calculations. The phase contrast images generally seemed to be more
susceptible to noise, so the height images shown in Figures 4.11-4.18 were generally
used for roughness comparison (sample shown in "A" and "B" was used where more than
one height image is shown). There is some contrast in the phase images, however,
suggesting that the surfaces do contain some "hard" (e.g., crystalline) versus "soft" (e.g.,
amorphous) regions. The general morphologies seen in the height images are typical of
semi-crystalline samples. The sample shown in Figure 4.13A and 4.13B was annealed at
two degrees below its melting point for three days and then re-analyzed; there was no
noticeable change in the image. The sample was again heated, this time above the
polymer's melting point for three hours. Upon cooling to room temperature, the film was
re-imaged with the AFM; again, no noticeable change had occurred in the surface
morphology. Polyester 22-2 (Figure 4.15) was imaged a few months after the film was
adsorbed to the silicon; the appearance of the height image was unchanged. From these
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Figure 4.11 AFM images ofpolyester 12-2 (top = height, bottom = phase). Sample was
solution castfrom 10 mg/ml benzene, rinsed in petroleum ether.
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Figure 4.12 AFM images ofpolyester 12-6 (top = height, bottom = phase). Sample was
solution castfrom 10 mg/ml warm benzene, rinsed in petroleum ether.
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Figure 4AS AFM images ofpolyester 12-8. A, B - solution cast from dichloromethane
(used for roughness analysis); Q D - solution cast from benzene. Both samples were
rinsed in petroleum ether. Data scale is 20 nm for A, 4.5 degreesfor B, 70 nmfor Q and
26. 0 degreesfor D.
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Figure 4.14 AFM images ofpolyester 12-10 (top = height, bottom = phase). Sample
was solution castfrom 10 mg/ml chloroform, rinsed in petroleum ether.
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Figure 4.15 AFM images ofpolyester 22-2 (top = height, bottom = phase). Sample was
solution castfrom 10 mg/ml dichloromethane, rinsed in petroleum ether.
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Figure 4.16 AFM images of polyester 22-6. A, B Sample was solution cast from
dichloromethane (9 mg/ml), rinsed in petroleum ether. Q D - Sample was spin-coated
from 9 mg/ml dichloromethane solution at 1000 rpm. Data scale is 20 nm for A, 38.4
degrees for B, 22. 3 nmfor C, and 5. 0 degreesfor D.
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Figure 4.17 AFM images ofpolyester 22-8 (top = height, bottom = phase). Sample was
solution castfrom 10 mg/ml dichloromethane, rinsed in petroleum ether.
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Figure 4.18 AFM images ofpolyester 22-10 (top = height, bottom = phase). Sample
was solution castfrom 10 mg/ml dichloromethane, rinsed in petroleum ether.
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since
experiments it may be theorized that the films are reasonably stable hydrolytically,
no change occurs over several months' exposure to air. In addition, since no visible
change in morphology occurs upon annealing, it is possible that the film morphologies
shown are the most thermodynamically favorable, although it is also possible that they
are merely the most kinetically accessible for the time span (i.e., three days) studied.
4.5 Conclusions
The relatively good solubility of the segmentally fluorinated polyesters and their
high crystallinity make deposition of a uniformly thick film somewhat difficult.
Crystallinity and solvent swelling may both lead to dewetting of adsorbed layers.
However, prohibition of dewetting by rinsing in a non-solvent results in suitable coverage
of a silicon substrate. AFM imaging results suggest that the film surfaces are at least
semi-crystalline, while XPS results suggest that preferential segregation of the fluorinated
segments to the outer 10 A of the surface does not occur for any of the polyesters except
for polyester 12-8. While the targeted surface chemistry was not observed for the
segmentally fluorinated polyesters, some desirable physical properties were nevertheless
exhibited. Based on a combination of factors including surface roughness, carbonyl
content, and fluorine content, non-wettable surfaces were obtained by coating substrates
with extremely thin layers of the fluorinated polyesters. While polystyrene and other
polymer films often studied as coatings generally have thicknesses on the scale of a few
microns, the segmented fluoropolyesters achieve non-wetting contact angles with
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thtcknesses of a few hundred nanometers. The resultant decrease in the amonn, of
material needed for a suitable non-wetting coating may be of interest to the Held of green
(environmentally-friendly) chemistry.
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CHAPTER 5. FLUORINATED SIDE CHAIN-CONTAINING POLYETHYLENES
5.1 Introduction
Results obtained for segmentally fluorinated polyesters (see Chapter 3) indicated
that regular incorporation of fluorine into the polymer backbone does not allow control
over the thickness of crystalline lamellae; rather than an exclusively PTFE-like or HDPE-
like crystallization scheme, a relatively disordered hybrid resulted. However, results
obtained by a former student in the group, Cedric Le Fevere, 1 indicate that lamellar
thickness in aliphatic systems can be entirely controlled by regular incorporation of a
propyl branch at long (e.g. 44 carbons) distances along the polymer backbone. This
discovery led to interest in incorporation of fluorinated branches at regular spacings into
a polyethylene-like polymer backbone.
There are a variety of approaches useful for obtaining polymers with fluorinated
branches; for example, Chapter 1 cites the work of Chris Ober and others who have used
modification (e.g., transesterification) of acrylate copolymers to obtain polymers with
randomly-spaced fluorinated branches. The first three chapters of this dissertation
demonstrated the ability (based on synthetic polymer chemistry) to control the spacing
between fluorinated segments within a polyester backbone. One goal of the work
described in this chapter was the use of controlled placement of functionalities within a
polymer to obtain a polyethylene-like structure (such as 14) with regularly-spaced
fluorinated branches. In the generic target structure 14, R or R' (or both) represents a
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fluorinated alkyl branch plus the functionality (ester, ether, etc.) used to attach the branch
to the polymer backbone. Once such a polymer is obtained, modification may be
possible depending on the type of functionality incorporated into R or R\ Thus, based on
one synthetic scheme a variety of interesting polymers with well-defined architectures
may be obtained. As it turned out, obtaining fluorinated polymers with decent purity and
conversion via the synthetic routes described below is difficult, and the resultant
polymers are quite susceptible to hydrolysis. However, a number of intermediates
obtained during the synthetic experiments are of interest; they will be described in further
detail in Chapter 6.
The method selected for synthesis of the branched fluoropolymer system (14) was
polycondensation of an alkyl dibromide with a dialkyl malonate, based on a procedure
described in a patent by Papantoniou et al. and summarized in Figure 5.1. 2 Polymers
synthesized according to this procedure have a truly polyethylene-like backbone
consisting of only sp
3
carbon. Use of a long a,co-dibromide (for example, 1,12-
dibromododecane or 1 ,22-dibromodocosane) as the complementary monomer to the
malonate ester results in a polymer with regularly-spaced diester moieties along a
hydrocarbon backbone. Under the right conditions, these aliphatic diester moieties may
be subsequently transesterified with fluorinated alcohols to obtain fluoropolymers; in
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Figure 5.1 Synthetic mechanism for polymers hereafter referred to as "polymalonates";
synthetic approach adaptedfrom Papantoniou et al. 2
addition, several other derivations of the polymalonate structure via the ester groups can
be performed to obtain potentially interesting polymers. Specifically, an ionomer can be
made by using basic conditions and high temperature to hydrolyze the ester groups; 3 this
modification is the basis for the work which will be presented in Chapter 6. Acid
neutralization of the ionomer allows formation of a polyacid; this structure may then be
further modified using well-known carboxylic acid chemistry. Possibilities (to name a
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few) include decarboxylation, reduction to alcohol, and amidation. In all cases the
resultant polymers will have a substitution pattern that is based on controlled spacing*
between neighboring moieties.
5.2 Results and Discussion
5.2.1 Monomers
The ditosylates of the 1,12- and 1,22-diols were readily obtained via a published
method. 4 Both ditosylates were isolated as white crystals and were easily purified by
recrystallization from methanol. However, attempted polycondensation of the ditosylates
with diethyl or di-tert-butyl malonate did not typically give the desired product. Rather,
the products isolated from the attempted polycondensations were typically red, viscous
liquids with noticeable residual
-CH^OTs signals in their 'H-NMR spectra.
Polycondensation with dibromides (rather than ditosylates) was found to be much more
effective, so the products of the ditosylate polycondensation reactions were discarded
with little characterization.
The dibromides were synthesized by reaction of the 1,12- and 1,22-diols with HBr
gas, according to the procedure described in Section 2.3.3. 1,12-dibromododecane was
also commercially available from Aldrich; both the commercial product and the locally-
synthesized compound were used for the experiments described below. As prepared in
the lab, the dibromides typically had a faint yellow or orange color that was not removed
by washing with sodium thiosulfate or with activated charcoal, although stirring in
diethyl ether seemed to improve the color somewhat; the commercial C\ 2 dibromide is
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white. Regardless of faint traces of color, the dibromides gave generally good results
when reacted with malonate esters to form the polycondensates. The polymers thus
obtained are described in the next subsection.
5.2.2 Polymer Synthesis and Structural Confirmation
Polymers were successfully synthesized by polycondensation of dibromoalkanes
and malonate esters; polymers made from diethyl malonate were obtained as white,
rubbery solids, while a polymer obtained from bis-t-butyl malonate was obtained as a
yellowish oil. Satisfactory molecular weight of the initial polymers was verified by 'H-
NMR endgroup analysis using a partially-dissolved sample (i.e., lack of an endgroup -
CH2Br or malonic proton signal) and by elemental analysis for bromine; the percentage
of unreacted bromine in the polymers was consistently below the threshold for detection
(0.2%). Table 5.1 shows the typical elemental analysis results for the polymer made
from 1,12-dibromododecane and diethyl malonate (the unexpected nitrogen concentration
Table 5.1 Elemental Analysis Results for "12-2 Polymalonate"
Found Calculated
c 68.31 69.90
H 10.86 10.50
N 1.06 0
Br <0.2 -0 (for high Mw)
will be explained in conjunction with the TGA results presented below). Concerning
other molecular weight determination techniques, GPC was not used for these polymers
due to their rather poor solubility in conventional GPC solvents such as THF and
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chloroform. Although a solid clump of polymer might typically break apart in these
solvents (allowing acceptable signal to noise ratios in the 'H-NMR spectra), the final
"solution" never became transparent, and no suitable signal could be located in GPC
traces of the opaque mixtures. Presumably, the filters incorporated in the GPC system
effectively removed all undissolved polymer; the remaining dissolved fraction was too
small to give a good signal in the GPC trace. GPC carried out in THF on a typical
opaque polymer mixture using polystyrene standards and a refractive index detector did
give a small signal, although the signal to noise ratio was poor; the resulting trace
indicated a weight-average molecular weight of 6,520. The calculated PDI of 1.06,
however, was not realistic, verifying that the incomplete solubility of the polymer in THF
renders it unsuitable for accurate GPC analysis. The polymer was completely insoluble
in hot (120- 130 °C) o-dichlorobenzene, thus precluding the use of the locally-accessible
high-temperature GPC.
During the course of the polymer synthesis, it was found that the efficiency of
stirring is an important factor in the reaction. Since the sodium hydroxide catalyst is a
solid, the reaction mixture is heterogeneous. Stirring by a magnetic stir bar was found to
be insufficient, in that it did not generate enough contact between the solid chunks of
sodium hydroxide and the dissolved malonate monomer; frequently, the magnetic stirrer
would become embedded in the sodium hydroxide and fail to stir at all. Use of a
mechanical stirrer at 450 - 550 rpm was found to greatly increase the efficiency of the
reaction and was used to synthesize all of the polymers that are described below.
Polymer products were typically found to contain residual tetrabutylammonium
(TBA) species; the influence of these contaminants will be discussed in some detail
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below. The contaminant may be TBAHS (as added to the reaction mixture), the related
bromide salt (TBA complexed with bromine produced by the polycondensation), or
possibly TBA cations complexed with carboxylate anions on the polymer chain.
Whatever the nature of the impurity, it was partially removed by stirring a contaminated
polymer in ethanol until it softened and then pouring the mixture into dilute «0.05M)
sodium chloride. The polymer was recovered by decanting the solvents-the polymer
tends to stick to the walls of the glassware used. The color of the polymer was also
somewhat improved by this process; when heavily contaminated with TBA, the polymer
is slightly yellow, while the purified polymer is a white rubbery "goo". No polymer
products were obtained without some trace of TBA; repeated purifications (as described
above and by other methods) had only a limited effect, due in part to the limited
solubility of the polymers. The TBA seemed to disappear, however, when the polymers
were de-esterified as will be described in Chapter 6.
Three different polyethylene-like polymers were synthesized; they included the
polycondensation products of diethyl malonate with the C 12 and C22 dibromides and the
product made by polycondensation of di-t-butyl malonate with the C, 2 dibromide.
Several attempts were made to obtain a fluorinated polymer by transesterification of the
diethyl esters of the polymalonates. In terms of kinetics, fluorinated alcohols are
generally less reactive (due to the electron-withdrawing nature of fluorine) than ethanol,
so a transesterification reaction between a fluorinated alcohol and an ethyl ester is
expected to proceed slowly, if at all. From a thermodynamic standpoint, successful
transesterification of the polymer depends on efficient removal of the ethanol byproduct.
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were
Initial attempts at azeotropic distillation with benzene and toluene
unsuccessful, with no ethanol collected after a period of up to six days. However, use of
molecular sieves to "trap" the ethanol byproduct proved to be effective. The 'H-NMR
spectrum of the transesterified product obtained by this method ind,cated the presence of
both fluorinated and ethyl esters, with an approximate conversion of 50%. Storage of the
crude product in a desiccator for one month followed by reanalysis revealed that the
product is quite susceptible to hydrolysis-the relative intensity of the CF^O peak
was significantly reduced. It must be noted, however, that the crude product contained
residual p-toluenesulfonic acid which may have catalyzed the hydrolysis. Attempts to
purify a freshly-made product by precipitation into cold methanol (followed by
immediate filtration) failed; no precipitate formed. An insoluble residue was left in the
reaction flask which was presumably a mixture of desired product and the usual
impurities (p-toluenesulfonic acid, etc.). Attempts to dissolve this residue in several
different solvents were unsuccessful and ultimately resulted in hydrolysis of the
fluorinated ester groups. At this point efforts to obtain fluorinated polymers by
transesterification of an existing polymer were abandoned.
An alternative approach to obtaining the desired fluoropolymers is the use of a
fluorinated malonate ester as the starting monomer. Esterification of malonic acid with
bis(lH, lH-pentadecafluoro-l-octyloxy)malonate was attempted based on an adaptation
of a method described by Palomaa et al. 5 for aliphatic esters. However, this approach
failed for several reasons; the highest conversion obtained with the fluorinated alcohol
was 50%, and purification of the product (including removal of excess fluorinated
alcohol) was unsuccessful due to the ready hydrolysis and degradation of the ester.
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Subsequent reaction of the initial product with more fluorinated alcohol and catalyst did
not improve conversion. Attempts to remove excess fluorinated alcohol by
recrystallization from a number of solvents were unsuccessful. While Palomaa et al
used vacuum distillation to purify their aliphatic esters, 5 it was not considered to be a
viable technique for the fluorinated systems due to ready hydrolys, S or de-esterification at
elevated temperatures. An early attempt to vacuum distill the fluorinated product
resulted in degradation of the material around 80 °C (-0.2 mm Hg). This synthetic
approach was consequently abandoned.
A second method for the synthesis of fluorinated malonate esters was described
by Mozhaev et al 6 and was used in an attempt to synthesize bis(2,2,2-
trifluoroethoxy)malonate. In this case, the reactant 2,2,2-trifluoroethanol was completely
consumed, suggesting the possibility of complete conversion. However, the synthesis
involved the use of N,N'-dicyclohexylcarbodiimide (DCC) to activate the malonic acid;
removal of the consequent urea byproduct by conventional methods was found to be very
difficult. The 'H-NMR spectrum confirmed the absence of any unreacted
trifluoroethanol, indicating good reaction conversion; however, signals attributed to the
urea byproduct appeared in the region 8-1-2 ppm. In addition, elemental analysis
consistently indicated the presence of nitrogen; the only source of nitrogen used in the
synthesis was DCC. Recrystallization, Soxhlet extraction, and column chromatography
were used to try to remove the DCC-derived impurities; all three techniques were
unsuccessful. The crude product is only sparingly soluble in most solvents, including the
ethyl acetate / hexane mixture used by the original authors for flash chromatography.6
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This synthetic approach was also ultimately abandoned in favor of the somewhat more
successful polymer-modification method described above and in Section 5.3.4.
By this time, the ionomers which will be described in Chapter 6 had been
successfully obtained; work on the fluorinated derivatives was abandoned m favor of the
interesting and more easily obtainable ionomers.
5.2.3 Thermal Characterization of the Aliphatic Polymers
In addition to the molecular weight estimation techniques which were briefly
outlined above, the three aliphatic polymers that were successfully synthesized were also
characterized by thermogravimetric analysis (TGA). The thermograms for the esters are
shown in Figures 5.2 - 5.4. The esters are typically isolated by precipitation into cold
water to remove residual TBAHS salt (see Section 5.3); residual water is subsequently
difficult to remove due to physical entrapment in the rubbery polymers. The remaining
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water is consequently visible in the TGA plots as a 10 - 20% weight loss in the region of
100 °C. In the TGA plots of the polymalonate esters, any residue left in the pan was in
the form of a blaek ehar; this char immediately disappeared when the pan was heated
with an acetylene torch.
In Figure 5.3 (the t-butyl ester TGA data), the -40% weight loss that occurs
between loss of water at 100 °C and backbone decomposition at 450 °C fits perfectly to
the loss of two isobutylenes per repeat followed by decarboxylation [a known
decomposition mechanism for bis(t-butyl) esters]. The two isobutylenes make up 29.3%
of the repeat unit weight, while one C02 makes up 1 1.5%; thus, the total percent weight
loss accounted for by loss of the three species is 40.8%, an exact match for what is
observed in Figure 5.3.
Figure 5.2 (12-2 polymalonate) shows a -25% weight loss between 200 and 300
°C which is not easily explained based on the polymer structure. Based on the 'H-NMR
spectra and elemental analyses (Table 5.1) of this polymer and the similar C22 diethyl
ester (Figure 5.4), the "extra" weight is presumed to be a residual tetrabutylammonium
compound (possibly the bromide salt) left from the polymer synthesis; the ammonium
salt was used as a complexing agent to favor deprotonation of the starting malonate rather
than hydrolysis of the ester group. Since several different washings and reprecipitations
of the two polymers failed to eliminate the -CH2N- peak in their 'H-NMR spectra, it is
suspected that the quaternary amine may remain complexed somehow with the carbonyl
groups in the polymer. The TGA shown in Figure 5.4 for the C22-based polymer shows a
smaller weight loss around 200 °C; since this polymer has a lower concentration of ester
groups relative to the Ci 2-based homologue, the extent of contamination by a complexed
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ammonium is Logically expected to be lower, therefore fitting the data. Another possible
assignment of the welght loss could be loss of HBr from the polymer endgroups. For the
C12 polymer, however, the absence of brom.ne in the elemental analysis (Table 5.1)
suggests that assignment of the weight loss to residual ammonium salt is likely more
accurate. As an additional confirmation of such an assignment, the 1 weight % of
nitrogen indicated by the elemental analysis for the 12-2 polymalonate was used to
calculate the corresponding weight % of tetrabutylammonium bromide, assuming that
this salt was the only source of nitrogen; the calculation yielded an anticipated
concentration of 23 weight % ammonium salt in the polymer, which fits well with the
TGA data presented in Figure 5.2.
In the case of the C22-based polymer, elemental analysis results (shown in Table
5.2) do not fit the data in Figure 5.4 with regards to the weight loss assigned to
ammonium salt contaminants. The nitrogen concentration for this polymer is 0.83 weight
Table 5.2 Elemental Analysis Results for "22-2 Polymalonate
Found Calculated
c 65.00 74.7
H 10.62 11.5
N 0.83 0
Br 5.33 ~0 (for high Mw)
%, suggesting a tetrabutylammonium bromide concentration of approximately 19 weight
% (again assuming all nitrogen comes from this salt); no 19% weight loss is seen in the
TGA data in Figure 5.4. The -8% weight loss evident in the TGA plot in this case may
be more closely correlated to loss of HBr endgroups, since the elemental analysis
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indicates the presence of 5.33 weight % bromine; this bromine may come from polymer
endgroups, ammonium salt, or possibly a brominated impurity remaining from the C22
dibromide synthes1S (Chapter 2). The slightly yellow color of the C22 dibromide
monomer may indicate the latter possibility.
The decomposition at 450 °C in all three thermograms is that of the remaining
polymer backbone; this temperature is typical of the degradation temperature of aliphatic
compounds. 7 DSC was performed in an attempt to determine a possible melting point of
the malonate polymers. The DSC runs were carried out between -40 °C and
approximately 150 °C at a heating rate of 5 °C/minute; no transitions (T
g or Tm ) were
visible in the traces under these conditions. Thus, none of the three polymers melted
below the initial decomposition temperatures (i.e., those tentatively assigned to loss of
the ammonium complex or loss of isobutylene in the case of the t-butyl ester) shown in
Figures 5.2 - 5.4; for the sake of DSC instrument maintenance, the sample pans could not
be heated above those temperatures. Even if a melting transition had been detected, the
suspected contamination by a TBAHS derivative limits the usefulness of this data, since
the contaminant would influence the thermal behavior of the polymers. Since a large
concentration of contaminant is present (-23 % for the 12-2 polymalonate), the effect on
the thermal behavior of the polymer is expected to be quite large.
5.2.4 X-Ray Diffraction Studies
In spite of possible contamination suggested by the TGA and elemental analysis
results, the polymalonate esters were characterized in terms of their crystal structures. A
problem with the contamination is that the crystal structure of a contaminated product is
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generally expected to be different from that of the pure product-depending on the nature
of the influence of the contaminant, the impure polymer is typically expected to have
either lower crystallinity or a crystal structure which differs from that of the pure
polymer. In this case, however, the WAXS spectrum of the 22-2 polymalonate was
found to be qualitatively similar in appearance to that of the C22 ionomer (see Chapter 6);
TGA and FTIR data obtained for the ionomer suggest that it is reasonably pure relative to
the precursor ester. On this basis, it was decided that WAXS analysis of the precursor
esters was worthwhile in spite of possible contaminants. In general, the interpretation
which follows is based on the chemical structure of the polymalonates and does not take
account for chemical impurities.
When possible, the aliphatic polymers obtained were studied by powder WAXS.
Fibers were pulled from the C 12 polymalonate diethyl ester and placed in an X-ray beam,
but the only diffraction pattern obtained was diffuse and unoriented. WAXS plots for the
polymalonate diethyl ester powders are shown in Figures 5.5 and 5.6; the bis-t-butyl ester
is above its glass transition temperature (nearly a liquid) at room temperature, and it was
therefore not studied by WAXS. Comparing Figures 5.5 and 5.6 it is immediately
apparent that the C22 polymalonate is much more ordered than the C, 2 (this could be due
to a lower level of contamination of the C22 polymer—compare Figures 5.2 and 5.4).
The C12 in fact appears to be quite disordered—its WAXS pattern shows only broad
peaks and there is a large amorphous halo. It may also be noted that there are two peaks
in the C22 plot at 20 = 20 and 22° which are reminiscent of the (110) and (200) signals of
polyethylene (see Figure 3.1), although they appear at slightly higher angles (21 and 24°)
for HDPE; the Q 2 plot shows only a broad peak in the region of 20 ~ 20°. The lower
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angles (or larger spacing) for the malonate system may be a consequence of the ethy.
ester groups; the steric influence of these groups would logically cause the polymer to
adopt a larger, less ordered unit cell, thereby explaining the somewhat lower-angle
WAXS signals. Disruption of the unit cell by the ester groups could also explain the
higher degree of disorder observed in the C 12 system (Figure 5.5) relative to the C22
(Figure 5.6), since the C 12 system has a higher relative concentration of ester groups.
It may be worth noting here that the signal at 20 = 6.4° in Figure 5.5 corresponds
to a long period of 13.8 A for the C 12 polymalonate; although this system is disordered
and is considered to be a poorer model than the longer C22 system, the long period in this
case does nearly fit the expected 15 A repeat for an extended (CH2 ) 12 sequence. The C12
system was expected to be almost entirely amorphous due to the short length of the CH2
"spacer" between the presumably non-crystallizable ester groups; however, while the
WAXS data in Figure 5.5 confirms a high amorphous content, it also indicates the
existence of some order. The two peaks which are identifiable in the WAXS spectrum
are consistent with a crystal cell with the following characteristics: 1) the repeat distance
appears to coincide with the distance between neighboring diester substituents, and 2) the
cell is highly disordered but may, based on the signal at 19.8°, approximate a PE-like
lattice. The latter point is of course based on a rather optimistic interpretation of the data;
the former point, however, will have some significance in relation to the ionomer WAXS
data presented in the next chapter.
The C22 polymalonate is (as suggested above) considered to be a better model
than the Q 2 equivalent for reasons presented in Chapter 1—a carbon segment length
greater than 20 atoms is thought to be necessary to form a "stable" crystal. From Figure
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5.6, however, it is seen that this "mode," malonate-derived polymer has a long period of
approximately 32 A (from the signai at 20 = 2.8°; note that the signais a, ~5.8» and -8.7°
are likely higher orders of this signai). This is in fae, somewhat ionger than the
theoretica, distance of about 28 A expected for a 22 carbon atom sequence in an
extended, all-trans conformation; therefore, what is perhaps the "simplest- chain-folding
models with the ester groups excluded to the chain folds and the aliphatic "spacer-
fitting a planar zigzag conformation within the lamella (as in Figure 1.3)-* not likely
the case for this system. Figure 5.7 is a comparison of the C22 malonate polymer with an
22-2 Polyester
22-2 Polymalonate
2 Theta (°)
Figure 5. 7 WAXS pattern comparison for C22 polymalonate (diethyl ester) and
aliphatic polyester with formula [0-(CH2)22-OCO-(CH2)2-CO]n .
an
aliphatic polyester that was synthesized and characterized by Cedric Le Fevere. 1 The
chemical structure of the aliphatic polyester retains the 22-carbon spacing between
neighboring ester "defects" which is found in the polymalonate; however, in the polyester
(unlike the polymalonate), the ethyl ester is incorporated into the polymer main chain. It
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is quite interesting to note that the long periods of the two polymers are nearly identical.
The two polymers in Figure 5.7 have no other diffraction spacings in common, although
the peaks in the region of 20 ~ 21 and 24° [corresponding to the (1,0) and (200)
reflects of a polyethylene-like unit cell] are present in both plots. (As noted above,
these two signals are shifted to slightly lower angles for the polymalonate.) From the
comparison of the two polymers, it may be concluded that both pack in a mode which is
at least similar to the orthorhombic, planar zigzag of polyethylene; the 22-2 polyester fits
the polyethylene lattice nearly perfectly, with the (1 10) and (200) reflections occurring at
20 = 21.5 and 24.0°, respectively; the malonate, on the other hand, is less ordered and
has a slightly enlarged unit cell relative to HDPE. Chain folding, if it is present, is
apparently not localized at the ester "defects"; the long periods of both polymers are too
long to fit a lamellar thickness which directly results from a chain-extended (CH2 )22
sequence. Small angle X-ray scattering (SAXS) studies of the malonate polymers are
needed to further elucidate their exact crystal structure; these studies are beyond the
scope of this dissertation, although work on the malonate systems will continue within
the research group.
5.3 Experimental Section
5.3. 1 Monomer preparation
1,12-dibromododecane and all malonic monomers were purchased from Aldrich
and were used without additional purification. Most solvents (excluding those used only
for workups of products) were dried by distillation prior to use. 1 ,22-dibromodocosane
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was syn,hes,zed as described in Chapter 2; i, was washed with sodium thiosulfate
solution to remove brcmmated impurities, reerystallized from petroleum ether, and dried
in a vacuum oven at ambient temperature before use.
5.3.1.1 Ditosylate monomer
1,12-Dodecaneditosvlate: The C 12 and C22 ditosylates were obtained by
tosylation of the corresponding diol according to a published procedure.4 For 1,12-
dodecaneditosylate, 5.46 g (27 mmol) 1,12-dodecanediol were dissolved in 17.7 ml (220
mmol) pyridine in a 250 ml round bottomed flask and cooled to ice bath temperature.
Over a period of 30 minutes, 1 1.5 g (60 mmol) p-toluenesulfonyl chloride was added in
five 2.3 g increments. A light tan, opaque mixture resulted; this mixture solidified within
1 hour. The reaction mixture was kept at ice bath temperature for 3 hours and was then
allowed to warm to room temperature overnight. The resulting solid mixture was white
with pinkish streaks. The flask was cooled to 0 °C, and 150 ml of 3.6 M hydrochloric
acid was added dropwise. A fine white precipitate in a colorless supernatant was
produced. The precipitate was filtered and dried in a vacuum oven. 'H-NMR indicated
some residual -CH2OH (5 ~ 3.4 ppm, t). The precipitate was consequently stirred in
methanol for one hour at room temperature and filtered again. The final product was a
white powder obtained in approximately 75% yield. 'H-NMR (CDC1 3 ): 5 ~ 7.72 ppm
(d, 4H, tosylated protons ortho to sulfonate), 7.25 ppm (d, 4H, tosylated protons meta to
sulfonate), 3.88 ppm (t, 4H, CH2-OTS), 2.25 ppm (s, 6H, CH3-<|>-S02 ), 1.44 ppm (m, 8H,
overlapping CH?CH?CH 2OTs), and 1.10 ppm (m, 12H, remaining protons).
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The 1,22-docosaneditosylate was synthesized according to the same method,
using the same molar ratios of reactants. The same reaction time was used. The product
was again a fine white powder, obtained in approximately 70% yield. It was insoluble in
CDCI3 and C6D6 and so was not analyzed via 'H-NMR.
5.3.1
.2 Attempted Synthesis of Fluorinated Malonate Monomers
1) Bis(lH, lH-pentadecafluoro-l-octvloxv->m alnn atP 5 An attempt was made to
synthesize bis(lH, lH-pentadecafluoro-l-octyloxy)malonate by esterification of 10
mmol of malonic acid with 25 mmol of 1H, lH-pentadecafluoro-l-octanol, using 2 wt%
p-toluenesulfonic acid as a catalyst and 30 ml benzene as solvent. Azeotropic distillation
with benzene was used to remove water as it was produced and drive the reaction towards
completion. The reaction mixture was refluxed for 19 hours, followed by filtration of
insoluble impurities. The eluent (typically two immiscible liquids) was homogenized by
addition of acetone and extracted twice with 40-ml portions of saturated K2C03 . The
solvent was removed from the organic phase to give a yellowish solid. The 'H-NMR
spectrum in CDC1 3 indicated approximately 50% conversion (5 4.6 ppm, t, 2H, RF-CH2-
OCO; 4.1 ppm, t, 2H, Rp-CHrOH; 3.6 ppm, s, 1H, -OCO-CH2-COO-).
2) Bis(2,2,2-trifluoroethoxv)malonate : An alternate approach described by
Mozhaev et al. was used in an attempt to synthesize bis(2,2,2-trifluoroethoxy)malonate.
Into a 100-ml round bottomed flask equipped with a magnetic stirrer were introduced
1.04 g (10 mmol) malonic acid, 10 g (25 mmol) 2,2,2-trifluoroethanol, 2.1 g (10.2 mmol)
N,N'-dicyclohexylcarbodiimide (DCC), and 50 ml dichloromethane (dried over
phosphorus pentoxide). (Note: the acid and alcohol were dissolved in the solvent prior
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to DCC addition.) The reaction mixture was stirred overnight at room temperature. A
white precip.tate (assumed to be a DCC sal,) was filtered out and rinsed with ethyl
aeetate. The organic solvents were removed from the eluen, by ro.oevaporator, and the
product was dried in a vacuum oven (room temperature) overnight.
5.3.2 Polycondensation
1) Diethyl malonate ± ditosylate: 2.0 g (4 mmol) 1,12-dodecaneditosylate and
0.647 g (4 mmol) diethyl malonate were dissolved in 45 ml dry benzene in a 2-necked
100 ml round bottomed flask equipped with a magnetic stir bar, a condenser, and a
nitrogen inlet and outlet. 1.35 g (4 mmol) tetrabutylammonium hydrogen sulfate
(TBAHS) was added, and the solution was slowly heated to an oil bath temperature of 40
°C. At this temperature, 2.7 g crushed sodium hydroxide pellets was added, causing the
solution to turn slightly red-yellow. After NaOH addition the temperature was raised to
60 °C. The reaction was allowed to proceed overnight, at which point it was cooled to ice
bath temperature and neutralized with 25 ml 3.6 M hydrochloric acid. The product at this
point was an off-white solid from which the aqueous phase was easily decanted.
Addition of acetone to the solid resulted in formation of a yellow supernatant (clear) over
a white precipitate. The white precipitate, when filtered, was found to be water soluble
and was subsequently discarded. The acetone was removed from the yellow organic
phase, producing a yellow oil. The 'H-NMR spectrum of this oil indicated residual
tosylate,
-CH2OH, and malonate protons as well as some uninterpretable aliphatic
byproducts. Since it was thus indicated to contain only low molecular weight products,
the oil was discarded.
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2) Diethyl malonate + dihromide (NaOH cataly^)- 2 The above procedure was
repeated using 1 ,12-dibromododeeane instead of the analogous dhosylate. Dry toluene
was used instead of benzene, fa the initial attempt a magnetic stir bar was used. The
reaction was allowed to proceed for 4 hours at 60 "C. No color developed in the reaction
mixture this time (indicating that the color above originated with the ditosylate). The
final product was a white slush. After neutralization with cold HC1, the product mixture
was separated into aqueous and organic phases. The aqueous phase was rinsed tw.ee
with toluene, and the combined toluene phases were extracted six times with 25 ml
portions of water, until the eluent was neutral to litmus. The toluene was removed and
the residue dissolved in a minimal amount of acetone. The acetone solution was
precipitated into cold water to obtain a white "goo". The 'H-NMR spectrum showed a
residual
-CH2Br signal at 5 ~ 3.46 ppm, although no signal from residual malonic
protons was discernible.
The procedure was repeated using a mechanical stirrer at 450 - 550 rpm instead
of the magnetic stir bar. After the usual workup, a white (slightly pinkish), tacky solid
was obtained in nearly quantitative yield (3.16 g). The 'H-NMR spectrum showed no
endgroup signal; in addition, elemental analysis indicated <0.2% bromine, suggesting
good conversion. The 1H-NMR spectrum did indicate residual tetrabutylammonium,
most apparent from the presence of an asymmetric triplet at 6-3.6 ppm (in CDC1 3
solvent. The polymer synthesis was repeated with similar results using 1,22-
dibromodocosane to obtain the 22-2 polymalonate as a slightly yellow, tacky solid.
3) Diethyl malonate + dibromide (NaH catalysis) : A later attempt was made to
synthesize the malonate polymer using sodium hydride as a catalyst and DMSO as a
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solvent instead of the heterogeneous NaOH / toluene system used by Papantoniou et al?
To 0.4 g dry sodium hydride was added 1.2 ml (8 mmol) diethyl malonate; 10 ml DMSO
was then added, and the mixture was stirred at room temperature for one hour. 2.63 g of
melted 1 , 1 2-dibromododecane was then added to the reaction flask, and the system was
heated to 100 °C under nitrogen purge. Upon a reaction time of 48 hours, the reaction
mixture turned red. Upon cooling, a white solid formed in the red supernatant. Addition
of methanol to neutralize the reaction resulted in dissolution of the white solid.
Decantation of the methanol left a red goo; addition of petroleum ether to this goo
produced white crystals in two liquid phases. At this point, the number of different side-
products (as well as the discoloration of many of them) indicated that the yield of product
obtainable by the NaH-catalyzed polycondensation would be less favorable than that
based on NaOH, so the NaH approach was abandoned.
4) t-Butyl malonate ester : The procedures described above were employed, using
di-tert-butyl malonate instead of diethyl malonate. Similar results were obtained—i.e.,
reaction with the ditosylate produced a discolored oil, while a magnetically-stirred
reaction with dibromide produced only oligomers. The mechanically-stirred reaction
with dibromide produced a white, tacky solid which was slightly more runny than that
produced from diethyl malonate. Poor solubility of the product as well as its low T„
made characterization somewhat difficult. 'H-NMR in CDC1 3 gave a low signal to noise
ratio; however, the TBA signal is visible in the spectrum. No signal is observable in the
-CFbBr region (5 ~ 3.5 ppm).
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5.3.3 Polymer modification
Transesterification with Flnorin.tedAlcohols: A fluorinated polymalonate was
obtained by modification of an existing polymer that was synthesized from diethyl
malonate. Initial transestenfication attempts using azeotropic distillation with benzene or
toluene and 2:1 ratio of fluorinated alcohol to polymer (with 2 weight % p-
toluenesulfonic acid as catalyst) were unsuccessful; after reacting for four days, no
measurable quantity of ethanol was isolated. However, use of molecular sieves to trap
the ethanol proved reasonably effective. To a 100 ml round bottomed flask equipped
with a condenser and magnetic stir bar was added 2 g 1H, lH-pentadecafluoro-l-octanol
(5 mmol, commercially obtained from Oakwood Research Products), 0.815 g of the
polymer (corresponding to 5 mmol of ester groups), 8.7 mg p-toluenesulfonic acid
(roughly 2 wt%), and 50 ml dry benzene. Approximately 1 g of 4 A molecular sieves was
added, and the solution was refluxed for 47 hours. A white precipitate formed as the
reaction mixture cooled to room temperature, as did a viscous phase at the bottom of the
flask. Filtration of the white precipitate and rinsing with benzene produced a smooth
white solid which appeared to constantly "bleed" a colorless liquid (not removed by
drying in a vacuum oven). 'H-NMR indicated the presence of both fluorinated and ethyl
esters with an approximate conversion of 50%. To test the hydrolytic stability of the
crude product, a vial of product was stored inside a desiccator containing calcium
carbonate for about one month. After this time, the product was removed and reanalyzed
by ^-NMR; the spectrum showed a decreased intensity of the CF2CH2O peak.
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5.4 Conclusions
Polymers with regularly-spaced ester branches along a linear polyethylene-like
backbone were synthesized from malonic esters and dibromides according to the method
described by Papantoniou et al? Attempts to synthesize polymers with fluorinated
branches were unsuccessful; fluorinated monomers with sufficient purity were not
obtainable, and formation of an existing polymer was unsuccessful due to incomplete
conversion and hydrolytic instability of the fluoropolymer product.
The aliphatic polymalonate esters which were successfully obtained were
characterized in terms of their thermal and crystallographic characteristics. TGA
analyses indicated an impurity which burned off at a temperature of approximately 200
°C; based in part on correlation with elemental analysis and 'H-NMR, this impurity is
thought to be a byproduct of the quaternary ammonium salt used in the synthesis to favor
malonate deprotonation over transesterification or hydrolysis. DSC results indicated that
the polymers—although rubbery and obviously above their glass transition temperature at
room temperature—showed no melting transition below 150 °C.
Crystallographic data for the malonate polymers suggested possible retention of a
polyethylene-like lattice. However, the unit cells appear to be rather disordered based on
the broadness of the (110) and (200) peaks. While the WAXS data for the C 12
polymalonate (diethyl ester) does not rule out a correlation of the long period of the
polymer crystal with the (CH2) segment length between diester substituents, the data
obtained for the C22 polymalonate (diethyl ester) does not support such a correlation.
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CHAPTER 6. IONOMERS WITH POLYETHYLENE-LIKE BACKBONES
6.
1 Background and Introduction
As mentioned in the preceding chapter, the malonate-based polymers described
therein are easily modified to give carboxylate ionomers with regular distances between
neighboring ,onic groups. The backbone of these ionomers is comprised of exclusively
sp
3
-hybridized carbon, resulting in a novel ionomeric "derivative" of HDPE. In addition
to the goal of obtaining a functionalized polyethylene-like polymer with well-defined
architecture, another motivation for this part of the project was to synthesize a "novel"
ionomer with high ion content and regular structure and to compare this ionomer with
conventional systems, where the placement of the ionic functionalities is random.
Conventional ionomers most commonly contain carboxylate or sulfonate
Carboxylate ionomers are typically made by copolymerization with species such
acrylic acid, maleic anhydride, etc., yielding copolymers in which the ionic species are
more or less randomly distributed. 1 Sulfonate ionomers are most commonly made by a
postpolymerization of unsaturated or aromatic sites—e.g., sulfonation of polystyrene. 1 ' 2
Again, this results in a polymer with a more or less random distribution of ionic sites.
Common sulfonate and carboxylate ionomers generally contain an ion content less than
20 mole-%; contents of 4 to 7 mole-% are typical. 1 For clarification, mole-% refers to the
ratio of the number of repeat units of the ionic moiety in the polymer to the total number
of repeat units (i.e., number of ionic repeat units + number of neutral repeat units), so an
ionomer based on a 9:1 ethylene-acrylic acid copolymer would have an ion content of 10
mole-%. The "novel" malonate-derived ionomers which will be presented in this chapter
ions
as
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thus differ from conventional systems m two ways: the ionic species are spaced at
perfectly regular intervals, and the ion content is unusually high since each "ionic site"
contains two carboxylate ions. By comparing these malonate-based ionomer systems
with a HDPE-acrylic acid copolymer (each carboxylate site being equated with two
acrylic acid monomer residues), ion contents of 31 mole-% for the C 12 ionomer and 17
mole-% for the C22 ionomer have been calculated. An alternate method of calculating ion
content for the malonate-based ionomers would be to consider the malonic acid
substructure [C(COO ) 2 ] as one single divalent ionic moiety, rather than as two separate
ions. In this case, the ion contents calculated above should be divided by two, giving a
content of -16 mole-% for the C 12 ionomer and ~9 mole-% for the C22 ionomer.
Concerning ionomers with regularly-spaced ionic groups, such systems are not
unknown. For example, regular placement of quaternary ammonium ions within a
polymer backbone has been accomplished with the ionenes. 3 The behavior of these
systems is qualitatively similar to that of (AB)„ block copolymers; however, the use of a
quaternary ammonium ion instead of carboxylate or sulfonate and the incorporation of
that ion into the backbone make direct comparison with "conventional" ionomers
impractical. Also, the range of structures achievable by this route is limited due to
synthetic requirements. The ionomers which will be described in this chapter allow
greater flexibility in the choice of polymer backbone. Specifically, based on the synthetic
methods presented below, these ionomers can be prepared from almost any dibromide
given two conditions: 1) the number of CH2 units in the dibromide must be large enough
to minimize intramolecular cyclization after the first addition, and 2) the dibromide must
not contain moieties (other than CH2Br) which are susceptible to nucleophilic attack.
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More recently, Xie Tao, a student in our group, has synthesized ionomers based on the
ring-opening polymerization of cyclopropane- 1,1
-dicarboxylates.4 Tao's ionomers have
an extremely high ion content; their behavior, however, is quite similar to the ionomers
derived from the polymalonates-specifically, the FTIR spectra and the TGA
thermograms (up to at least 600 °C) of the two ionomer classes are nearly identical. Xie
Tao's data will be alluded to periodically throughout this chapter; for more details, the
reader is referred to his doctoral dissertation.4 In addition, the book by Eisenberg
presents a good review of "conventional" ionomers and their characterization. 1
6.2 Results and Discussion
6.2.
1 Synthesis and General Characterization
Several ionomers were successfully synthesized by refluxing of the polymalonate
diethyl esters with potassium or sodium hydroxide-containing 1 ,4-dioxane solutions. The
ionomers are obtained as white, grainy powders. Complete conversion was verified for
the C i2 ionomers by 'H-NMR spectroscopy (using D20 with a trace of KOH as the
solvent); the 'H-NMR spectra showed no trace of residual ethyl ester. The C12 ionomers
are initially soluble in distilled water, although addition of acid causes them to
precipitate. After isolation of the ionomer products, only alkaline water works as a
solvent—other solvents attempted (with and without heat) include dimethyl sulfoxide,
dimethylformamide, and N-methylpyrrolidone (a common ionomer solvent with high
dielectric constant). It is suspected that the ionic groups in the ionomers either aggregate
into clusters or form layers (see discussion below), effectively prohibiting penetration by
most solvents and causing the resultant insolubility of the polymer. The C22 ionomer
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synthesized (potassmm counterion) was esse„ tlal ly insolubie in a„ solvents tried,
including alkaline water.
The identity of the ionomers was verified in part by FTIR; Figures 6.! and 6.2
show the infrared spectra for the C l2 and C22 ionomers. Sample preparation for the
ionomers was generally quite s,mp,e-,he white powders were simpiy ground up with
KBr in a mortar and pressed into a transparent Blm. The esters from whieh the .onomers
were derived were not so easy to prepare, however, due to their rubbery nature and
general insolubility. After several attempts, the "12-2" polymalonate was successfully
cast from diethyl ether as a film onto a NaCI sal, plate; its FTIR spectrum is shown for
comparison in Figure 6.3. Comparing the spectra, i, is evident that the precursor ester
contains less water (broad peak - 3400 cm"') than the two ionomers; this is to be
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Figure 6.3 FTIR spectrum ofCn polymalonate, diethyl ester.
expected, since the ionomers contain some water of hydration. Xie Tao's results have
indicated that it is practically impossible to remove all of the water from these HDPE-like
carboxylate ionomers. 4 The FTIR spectra also show some difference in the nature of the
C=0 peak (asymmetric stretching, appearing between 1500 and 1700 cm" 1 ) between the
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ionomers and the ester preenrsor. White the peak is fairly sharp ,n Fignre 6.3 (i.e., for the
precursor ester), ,t broadens and shows a, ,eas, one shoulder in the speetra of the
.onomers. This result is also quite consistent with Xie Tao's data/ as well as with FTIR
data obtained by other researchers.- As explained in Eisenberg's book,' the
"multiplicity" of the carboxyl peak in the ionomer spectra arises from differences in the
local environments around the ion pairs^.g., hydra.ed versus non-hydrated ions, the
extent of "clustering" with other ionic groups, the availability of nearby counterions, and
so on.
The data presented thus far have indicated that 1) the ionomers were successfully
synthesized; 2) they are generally insoluble, although alkaline water is a solvent for the
C l2 ionomers; 3) they contain some water of hydration as is evident from their FTIR
spectra; and 4) their FTIR spectra are qualitatively similar to those of related ethylene-
carboxylate systems. The next two sections will highlight the effort to obtain a
qualitative understanding of the thermal characteristics and physical structure (i.e., ion
aggregation mechanism) of these systems.
6.2.2 Thermal Characterization
The TGA thermograms of the ionomers are shown in Figures 6.4 - 6.6. The
behavior of the ionomers is quite different from that of the precursor esters (Figures 5.2
and 5.4). In the case of the ionomers, a significant weight percentage remains at
temperatures as high as 1000 °C. The ionomers with potassium counterions (Figures 6.4
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and 6.6) leave a transparent film as a residue. Heating with an acetylene torch melts the
film but does not discolor it or cause it to evaporate. The ionomer with a sodium
counterion (Figure 6.5) leaves what appear to be two different residues: a black char and
a transparent film coating the char. Heating the residue directly with the acetylene torch
causes discoloration but no apparent reduction in volume; heating the residue indirectly
(i.e., through the platinum pan) lightens the color of the residue, again with no reduction
in volume. The exact composition of the residues at 1000 °C is not entirely clear at this
time. The residues are almost certainly inorganic salts of some form, since any
hydrocarbon compounds should degrade at 450 - 500 °C. While previous work has
suggested formation of metal carbonates upon degradation of carboxylate ionomers,
9-11
carbonates generally decompose around 850 °C; 12 however, no such decomposition is
visible in Figures 6.4 - 6.6.
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The difference in residual weight percent between Figures 6.4 and 6.6 agrees with
assignment of the residue as a product of the ionomers' countenons, since the C22
ionomer analyzed in Figure 6.6 has a lower initial ion content (and thus lower counterion
content) than the C 12 ionomer shown in Figure 6.4. However, changing of the counterion
(compare Figures 6.4 and 6.5) does not change the weight percent of the residue in the
expected direction; since sodium is lighter than potassium, the residue left from the
sodium ionomer in Figure 6.5 should make up less of the sample weight percentage than
that left in Figure 6.4, assuming equal degrees of neutralization for the starting ionomcrs.
Attempts to determine the degree of neutralization of the ionomcrs by elemental
analysis for the counterion were unsuccessful. Elemental analysis results, given in Tabic
6. 1
,
approximately fit the theoretical values for the C22 ionomer but did not correlate well
with the expected structure of the C 12 ionomers, giving significantly lower percentages
than expected for all elements measured (C, N, H, and counterion). The ratio of atomic
Table 6. 1 Elemental Analysis Results for Ionomers
C 12 ionomer/K
+ C 12 ionomer/Na
+ C22 ionomer/K*
Found Calculated Found Calculated Found Calculated
C 34.25 52.1 30.89 57^3 56~26 6~T7
H 5.5 6.9 4.84 7.6 9.39 9.1
NaVK* 18.6 22.5 15.2 14.6 12.0 16.0
percentages was also skewed relative to the theoretical ratio, and incorporation of water
of hydration into the calculation of the theoretical ratio failed to resolve the discrepancies.
The confusing elemental analysis results for the Ci 2 ionomers may be a consequence of
incomplete combustion of the samples, since the elemental analysis technique used only
1 53
heats to 1000 °C. Based on the TGA data, this could explain why the C22 elemental
analysis results are closer to the theoretical value, since this ionomer is more completely
decomposed at high temperatures. However, the thermal profile of elemental analysis
differs from the TGA experiments in that the sample is heated in the presence of oxygen
for elemental analysis, making incomplete combustion somewhat unlikely, h is possible
that the C12 ionomers still contain some TBA contaminant (see Chapter 5), although the
'H-NMR spectra of the ionomers in alkaline D20 appear clean. Regardless of the exact
makeup of the thermal residue, however, the malonate-hascd ionomers exhibit some
potential as fire-retardant coatings-the behavior of the residue left by the C 12 ionomer
(sodium counterion) may suggest that the film left by the degradation of the ionomer
backbone has the potential to protect underlying materials. Further experimentation with
these ionomers at high temperatures as well as testing of their mechanical properties is
needed to fully determine their applicability as coatings.
6.2.3 WAXS Analysis
The WAXS patterns of the ionomers, shown in Figures 6.7 - 6 (), each show a low
angle peak typical of ionomers, appearing in the region of 20 = 2 to 5°. As staled
previously, the ion content of the particular ionomers in question is quite a bit higher than
systems reported in literature; for a good review of such systems, sec the book by Adi
Eiscnberg and Joon-Seop Kim. 1
Figures 6.7 and 6.8 are the WAXS patterns for ionomers whose repeal units
contain 13 backbone carbon atoms (12 carbon atoms from the dibromoalkane monomer
plus one quaternary carbon from the malonatc monomer) and two carboxylatc groups.
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Since the polymalonate in question thus has two ionic moieties per 13 backbone carbon
atoms, its ion content is roughly equivalent to that of a 9:4 ethylene/acrylic acid
copolymer (i.e., approximately 31 mole-%). Figure 6.9 is the WAXS pattern for an
ionomer whose repeat unit contains 23 backbone carbons and two carboxylate groups; its
ion content is therefore approximately 17 mole-% (equivalent to a 19:4 ethylene/acrylic
acid copolymer).
As suggested in Section 6.1, most commercial ionomers are random copolymers
of a "matrix" monomer such as ethylene and a monomer such as acrylic acid which
contains a pendant ionic group. Consequently, the distance between neighboring ionic
species varies somewhat, and the characteristic SAXS peak is fairly broad. The origin of
the X-ray scattering for these systems is thought to be due to aggregation of ionic groups
into entities termed "multiplets"; the SAXS peak is then generated by the distance
between neighboring multiplets. (The reader is again referred to the book by Eisenberg
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and Kim for further details of the multiplet theory.') The malonate-based ionomers
synthesized for this project differ from conventional ionomers in that the distance
between neighboring ionic species is constant-it is controlled via the synthesis of the
polymer and is defined at least in part by the length of the dibromoalkane monomer used.
The extent of control over the scattering length is somewhat noticeable in Figures 6.7 -
6.9 above. The peak at 20 = 4.7 degrees (corresponding to a spacing of 18.8 A) in Figure
6.7 shifts to 2.8 degrees (31.6 A) in Figure 6.9 as the number of backbone carbons in the
repeat unit increases from 13 to 23; the extent of the peak shift is indeed commensurate
with a spacing increase of 10 carbon bond lengths with the spacer in an extended
conformation. The peak shift between Figures 6.7 and 6.8 reflects the influence of the
counterion on the diffraction spacing. Since sodium has a smaller van der Waals radius
than potassium (1.17 A for sodium versus 1.49 A for potassium), the peak in Figure 6.8 is
at a slightly higher angle than that in Figure 6.7; again, the magnitude of the peak shift is
commensurate with the difference in van der Waals radii of the two counterions.
The cluster model described by Eisenberg and Kim does not entirely explain the
observed behavior of these malonate-based ionomers; however, that is not entirely
surprising, since the cluster model assumes random placement of ionic species and a
fairly low ion content. There are a few discrepancies between experimental results
expected for the cluster model and those obtained for the polymalonate systems in
question: first of all, the cluster model suggests at most only an indirect relationship
between the size of the counterion and the location of the SAXS peak for "random"
ionomers, while Figures 6.7 and 6.8 indicate a direct correlation for the polymalonate
ionomers. Secondly, from the cluster model one might expect the spacing calculated
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from the SAXS peak to be slightly less than the maximum distance between neighboring
carboxyla.es based on the nnmber of carbon bonds between them; in fact, i. is in this case
slightly htgher. Finally, from the cluster model one would still expect a distribution of
distances between neighboring ionic groups (depending on the number of repeat units in
between multiplets, the presence of kinks or folds in the backbone between multiplets,
etc.) and therefore a broad SAXS peak; to the contrary, the main SAXS peak shown in
Figures 6.7 - 6.9 is relatively narrow.
An alternate, lamellar model has been proposed to account for these discrepancies
and is shown in Figure 6. 10. While this model is in agreement with experimental results,
further experimentation with the malonate systems is needed to verify (or disprove) its
validity. In the model it is suggested that the spacing which gives rise to the SAXS peak
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is the distance between layers or "planes" of counterions (assuming the counterion is the
scattering source, not the carboxylate). In tins case, a change of counterion will change
the diffraction spacing according to the equation
d2-di = 2(R2 -R,)
(o-l)
where dn is the diffraction spacing of the ionomer with counterion "n" and Rn is the van
der Waals radius of counterion «n". Comparing Figures 6.7 and 6.8, it is seen that the
peak shift (and thus the calculated change in diffraction spacing) does approximately fit
Equation 6-1 for the C l2 ionomer when the counterion is switched from potassium to
sodium. The van der Waals radii for these two counterions differ by approximately 0.3 A
if the "bare" counterions are considered; it must be noted, however, that the van der
Waals radius of a given ion will vary depending on its state of complexation.
6.3 Experimental Procedures
Polymalonate diethyl esters were synthesized as described in Section 5.3.2
(procedure number 2). They were dried in a vacuum oven overnight at room temperature
before modification (although this step was unnecessary, since water was used in the
modification procedure). Solvents and reagents were obtained from Aldrich and were
used without further purification.
Conversion of polymalonates to ionomers : To 1.0265 g (3.15 mmol) of the C !2
malonate polymer (diethyl ester) in a 2-necked flask equipped with a condenser and
addition funnel was added 40 ml 1,4-dioxane. Approximately 21 mmol of base was
added as an aqueous solution of potassium hydroxide (1.2 g in 8 ml water) or sodium
hydroxide (0.83 g in 8 ml water) was added, depending on the desired counterion, and the
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mixture was heated to refinx. Appr0x,mate,y ,2 m, ethane, was added to homogenize
the mixture; the soiution was then refluxed overnight. The resulting so,u,,o„ was
precipitated into 250 ml methano,, fdtered, and dried in the vacuum oven. The
.onomer
product was obtained as ,.005 g white so„d (3.75 mmo, or ,,9%, no, accounting for
water of hydration).
The product was initially soluble in distilled water; however, subsequent water
solubility could only be achieved by addition of base. Addition of acid caused the
polymer to "coagulate" into a hard clump which was subsequently insoluble in all
solvents tried. Only very limited solubility in alkaline water was exhibited for those
ionomers derived from the C22 polymalonates. 1H-NMR (C 12 ionomer, potassium
counterion, in D20 solvent containing a small amount of KOH): 8 1.65 (bs, 2H), 1.21
(bs,8H), 1.04(bs,2H).
6.4 Conclusions
A series of "novel" ionomers with fairly high ion content were easily obtained by
modification of the malonate-based systems described in Chapter 5. These ionomers
were white crystalline powders which exhibited characteristic high thermal stability.
Residues which accounted for as much as 50% of the initial sample weight remained
undegraded at temperatures as high as 1000 °C. Identification of these residues has been
unsuccessful to date, but work is continuing on these ionomer systems.
The crystal morphology of the ionomer systems is of great interest. Based on
powder WAXS data, it may be tentatively concluded that these systems are the first
known example of ionomers in which segregation of the ionic units does not lead to
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tendency of the hydrocarbon backbone to adopt a PE-,ike crystal wo* cooperatively; i, Is
possible that these IO„omers are forming lamella, with alternating layers of hydrocarbon
backbone and ionic "domains", m practical terms, the absence of spberica, clustenng
and the concomitant poss.ble contmuous phase of ions (lamellar clustering) may be
expected to result in ionic conductivity, as we,, as an absence of the filler effect normally
observed with spherically clustered ionomers. The material propert.es that may
potentially result are we,, worth further study and will continue to be explored by our
group.
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CHAPTER 7. CONCLUSIONS
7.
1
Segmentally-Fluorinated Linear Polyesters
7.1.1 Synthesis
Synthesis of linear polyesters with regularly spaced fluorinated segments was
suceessful and was shown to be quite easy once the starting monomers are obtained.
Sufficiently pure polyesters were obtained with weight-average molecular weights on the
order of 30,000 to 40,000 g.mol '. The melting transitions of the polymers fall between
room temperature and approximately 60 °C. The polyesters were made in batches which
generally yielded approximately 0.75 g of purified polymer, typically in the form of a
white powder. Synthesis of long, aliphatic diols (one of the monomers) was found to be
more difficult, although there are many reports of such syntheses in the literature which
remain to be tried.
7. 1
.2 Crystal lographic Characterization
Crystallographic studies of the polyesters revealed that for the 12-2 and 22-2
polyesters, the crystallization mechanism is essentially polyethylene-like, with the unit
cell slightly enlarged to allow for the bigger CF2 groups. For the other polyesters studied,
neither the hydrocarbon nor the fluorinated segments exclusively dominated the
crystallization mechanism; rather, crystals with varying degrees of disorder were formed
that included both orthorhombic (PE-like) and pseudo-hexagonal (PTFE-like) packing.
Thus the results presented herein indicate that PTFE-like and PE-like crystalline domains
are not mutually exclusive. It may yet be possible to force one segment into the
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amorphous regions, however. For example, if ,he amorphous segment were lengthened
to 44 (or more) carbons instead of jus, 12 or 22, two effects wouid result: firs, of all, the
concentration of CF2 units would be decreased, so the likelihood of several CF2 chains
"meeting" to nucleate a PTFE-like crystalline region would be diminished. Secondly, ,1k-
longer hydrocarbon segments would result in increased stability of the associated PEdikc
crystalline regions, potentially creating an additional driving force for exclusion of the
fluorinated segments.
non
7. 1
.3 Surface Properties of Polyester Films
Thin films cast from the segmented fluoropolyesters were shown to be
wetting, even at relatively low thicknesses. The film surfaces were generally rough;
films with average thicknesses below approximately 100 nm typically exhibited some
bare patches of silicon substrate. XPS results showed a fluorine-enriched surface for only
polyester 12-8; the other polyesters had surface compositions more typical of the bulk
polymer structure. Nevertheless, non-wettability was shown by contact angle
measurement. AFM images suggest that the films are semi-crystalline, regardless of
preparation method (i.e., whether spin-coated or solution cast). The non-wettability of
the surfaces is thus presumably influenced by a combination of factors including
roughness and hydrogen bonding with isolated carbonyl groups. The desired surface
non-wettability was achieved for very thin films on several substrates, including silicon,
glass, and UHMWPE. This result is favorable in terms of "green" chemistry, allowing
one to minimize the amount of material needed to obtain the desired behavior. The films
are stable in that results were reproducible over a period of at least several months for
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samples stored at ambient conditions. Potential appHcations of these films as coatings is
limited at this time by the low melting points of the polyesters; future efforts may be
ducted at raising the melting point by slight notation of the po.ymer chemistry (e.g.,
introduction of hydrogen bonding by using polyamides instead of polyester-see also
Secdon 6.1.4. Another future effort in terms of the surface science of the segmented
fluoropolyesters is elucidation of the surface morphology. Crystallography results
suggest that fluorinated segments are not excluded to the amorphous regions in the bulk
polymer; XPS results suggest that this is also true for thin films. To verify this
conclusion, grazing incidence X-ray diffraction (GDCD) will be performed by Professors
Takahara and Sasaki and their students at Kyushu University. This technique allows for
analysis of the morphology and crystal structure of the thin films (the WAXD techniques
used for fibers in the bulk crystallography studies are not applicable for analysis of the
thin films-the small amount of material in the film does not allow one to obtain a
reasonable signal-to-noise ratio).
7.1.4 Perspectives
In general, it must be noted that the segmental ly fluorinated polyesters described
herein are at best model compounds; the difficulty (and associated cost) of synthesis and
the low melting transitions of the polymers as synthesized make them unsuitable for most
industrial applications. In addition, engineering the crystallinity of a polymer was found
to be more difficult than we had hoped; the large number of variables involved in surface
behavior severely complicate the creation of a PTFE-like surface based only on synthetic
polymer chemistry. Although simple wettability measurements may suggest a
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to prove or disprove fluorine enrichment. Nevertheless, based on the results of the
-dies presented above, i, may now be possibie t0 design a segmental* fluorinated
system w,,b usefu, properties. A fundamental understanding of the segmented systems
was obtained by the crystallography stud.es. Tbe results suggest that perfect regularity of
the spacing between backbone segments is perhaps unnecessary. Crystallography
suggested some (limited) compattbility of aliphatic and fluorinated segments; if indeed a
polyethylene-like crystal can incorporate some smal, extent of fluorinated
"impurities", i,
becomes much less important to strictly regulate the distance between sequential
fluorinated segments. In this even,, the synthesis of a potentially-useful system becomes
much easier, thereby driving the cost of such a system into an affordable range. For
example, nitric acid etching of polyethylene could be used to create inexpenstve, long
aliphatic diols (with some distribution of lengths) which could then be reacted with the
fluorinated diacids. The longer diols achievable by this method could potentially (as
mentioned above) allow exclusion of fluorine to the polymer surface. The melting points
of the designed polymers could be raised by formulation or by limiting the molecular
weight to the high-oligomer stage.
7.2 Malonate-Based Carboxylate Ionomers
7.2.
1 Summary of Experimental Results and Conclusions
Several polymers were synthesized based on polycondensation of a dibromide
with the acidic protons of a malonic acid. These polymers had an all-carbon backbone
(essentially HDPE) with regularly-spaced ester branches. Such a structure is easily
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modified through the ester moieties to yield any of a number of interesting materials.
Attempts to place fluonnated branches on these polymers were relatively unsuccessful,
due primarily to inseparable impurities introduced in the course of the fluorinating
reactions; in addition, the fluorinated polymers (when obtained) were shown to be
susceptible to hydrolysis (producing a polyacd and the fluorinated alcohol).
Removal of alcohol from the ester moieties in the polymer resulted in production
of "novel" carboxylate ionomers. These lonomers differed from commercial products in
that they had a higher ion content, and they maintained a very regular spacing between
ionic species. The regularity of the structure was evident in the WAXS results, producing
a signal which shifted predictably with changes in the spacing between ionic species or
changes in counterion. TGA thermograms of the ionomers were remarkable in that up to
50 % weight remained at 1000 °C (under nitrogen purge); the residue was not destroyed
when heated with an acetylene torch. Applicability of these ionomers as fireproof
coatings needs to be further examined. Future efforts will focus on dynamic mechanical
analysis of the ionomers (including a search for a method for casting a film from these
materials).
7.2.2 Perspectives
The described series of malonate-based ionomers was the first example of a semi-
crystalline ionomer structure where segregation of ionic units may lead to lamella rather
than spherical clusters. Specifically, the segregation tendency of the ions and the
tendency of the intervening aliphatic spacer to form a polyethylene-like crystal have a
combined influence which may potentially result in a lamellar structure such as that
167
suggested in Figure 5., 2. The proposed structure remains to be proven, although is has
been supported by all experimental evidence obtained to date. If the lamellar structure is
indeed proven, numerous practical applications exist: the absence of conventional
"clustering" might suggest a possible continuous phase of ions, possibly resulting in ionic
conductivity. In addition, the typical filler effect observed with clusters' would not be
present in the lamellar system. Finally, the intriguing thermal behavior of these systems
might lead to heat-resistant applications.
7.3 Summary: Polymers with Well-Defined Architectures
Several "new" polymer structures were made which fell within two classes: 1)
polyesters with regularly-spaced structural defects within the polymer backbone, and 2)
polymers with regularly-spaced ester or carboxylate branches. In the first class of
structure, the structural "defect" was incorporated into the crystal structure of the
polymer, leading to a somewhat disordered structure. Increasing fluorine content resulted
in behavior that was more similar to PTFE (e.g., pseudohexagonal packing), but no
crystalline structure that was exclusively HDPE-like or PTFE-like was detected for the
polyesters. This result could be due to insufficient incompatibility between the aliphatic
and fluorinated segments, although the work by Binks et al seems to negate that
possibility. The other explanation may be insufficient mobility of either segment to
allow "migration" to the chain folds or amorphous region. Regardless of the reasoning,
it is clear from the work presented that the fluorinated segments were not excluded from
the crystals, and the lamellar thickness was not controlled by the polymer chemistry. The
structures in this class did show interesting behavior in terms of their surface properties,
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as well as presenting an interesting study for crystal lographers. In addition, sufficient
fundamental knowledge was obtained to allow future synthesis of useful systems.
The second class of polymer did show a possible crystallographic influence of the
structural defect in the case of the ionomers. The small angle X-ray difrraction signal
attributed to the distance between counterions was found to vary directly with the number
of carbons separating neighboring branch points. The ionomers were found to have
remarkable thermal stability and fairly high crystallinity (see Chapter 5).
Our research group will continue to work on polymers with well-defined
architectures. Based in part on the results of this dissertation, future work will focus
primarily on systems with (more or less) regularly-spaced fluorinated branches, as
opposed to systems with segmented backbones. In addition, work on the malonate-based
ionomers will continue, with a focus on elucidation of the crystal structure and
identification of the high-temperature residue.
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APPENDIX A. CONTACT ANGLE RESULTS
Polymer
1 Caliph
12-2F
12-2F
12-2F
12-2F
12-2F
12-2F
12-2F
12-2F
12-2F
12-6
12-6
12-8
12-8
12-8
12-10
12-10
12-10
22-2
22-2
22-2
22-6
22-6
22-8
22-8
22-8
Thickness
(avg, nm)
3
8
12
13
22
23
350
NA
500
730
400
21
170
40
350 (spotty)
610
30
870
1670WmSmBmm
60
Sample Prep
method (solvent)
solution cast (dichloromethane',
solution cast (10 mg/ml chloroform)
solution cast (1 mg/ml chloroform)
solution cast (1 mg/ml dichloromethane)
solution cast (2.5 mg/ml dichloromethane)
solution cast (7.5 mg/ml dichloromethane)
solution cast (10 mg/ml dichloromethane)
solution cast (10 mg/ml benzene, pet ether rinse)
spin-coated onto glass (from 10 mg/ml benzene)
spin-coated (from 10 mg/ml chloroform)
spin-coated (from 10 mg/ml dichloromethane)
soln cast (10 mg/ml warm benzene, pet ether rinse)
solution cast (10 mg/ml dichloromethane)
solution cast (10 mg/ml CH2CI2 , benzene rinse)
solution cast (10.33 mg/ml benzene, 40 °C)
solution cast (10 mg/ml CHCI3 , benzene rinse)
solution cast (10 mg/ml CHCI3 , pet ether rinse)
spin-coated (from 10 mg/ml chloroform)
solution cast (10 mg/ml CH2CI 2 , benzene rinse)
solution cast (10 mg/ml CH2CI2 , pet ether rinse)
spin-coated (from 10 mg/ml chloroform)
solution cast (9 mg/ml CH 2CI 2 , pet ether rinse;
spin-coated (9 mg/ml CH2CI2 , 1000 rpm)
solution cast (1 mg/ml CHCI3 , 1 hour)
solution cast (1 mg/ml CHCI3 , 160 min)
solution cast (1 mg/ml CHCI3 , 22 hours)
solution cast (1 mg/ml CHCI3 , 44 hours)
solution cast (10.7 mg/ml benzene)
solution cast (10 mg/ml dichloromethane;
solution cast (10 mg/ml CH2CI2 , pet ether rinse)
spin-coated (from 10 mg/ml chloroform)
solution cast (10 mg/ml CH2CI2 , pet ether rinse)
spin-coated (from 10 mg/ml chloroform)
spin-coated onto UHMWPE
Water Hexadecane
0A ©A 0R
wets
8fi DO 31 13
64 35 wets wets
57 28 11 wets
64 A A14 wets
63 33 1 1 to tPWcIS
64 35 21 wets
77 wets wets wets
73 wets 19 wets
94 67 26 9
OCT95 37 25 12
100 oo OCOO 12
64 27 HD wets
103 73 4z A A11
105 Or OO 12
80 28 16 wets
99 22 18 wets
112 57
72 28 10 wets
128 50 wets wets
121 52 weis
95 30 wets wets
102 70 17
65 21 wets wets
H I wets wets
CObo 18 13 wets
61 18 14 wets
96 41 52 wets
91 36 18 wets
100 50 wets wets
105 75 22 wets
112 76
105 76 20 wets
105 69 10 wets
Shaded rows: samples having advancing water contact angles > 1 00° (non-wetting or "PTFE-like")
170
APPENDIX B. XPS RESULTS
2 CF 2 P12-2
Spin-coated sample (1% CHCI, solution, 1000 rpm)
Element Cone /„, E^en, c ^^
* S°i2! 01. 16 7
Solution cast, 10 ma/ml CH2CI,, petroleum ether rinse
15° takeoffangle 7S ° takeoff angle Theoretical
El.rn.nt Contfn<%) Eiemen, Conc'n <%) El.mTS(%)
f is ao?
7
5
6
9
7
5
3
°" 7647
6 CF 2 P12-6
Solution cast, 10 mg/ml warm benzene, petroleum ether rinse
15° takeoff angle
Element Conc'n (%)
C 1s 60.63
F 1s 22.31
0 1s 17.06
C 1s deconvolution
Bond Relative %
C-H 61.49
C=0 10.64
C-0 8.52
C-F 19.35
P22-6
75° takeoff angle
Element Conc'n (%)
C 1s 65.2
F 1s 20.22
O 1s 14.58
C 1s deconvolution
Bond Relative %
C-H 55.14
C=0 14.64
C-0 8.79
C-F 21.44
Theoretical
Element Conc'n (%)
C 1s
F 1s
O 1s
55.56
33.33
11.11
Spin-coated sample (1% CH^ solution, 1000 rpm)
15° takeoff angle
Element Conc'n (%)
C 1s 56.02
F 1s 4.38
O 1s 19.68
Si2p 19.92
75° takeoff angle
Element Conc'n (%)
C 1s
F 1s
O 1s
Si 2p
67.60
7.65
14.14
10.62
Theoretical
Element Conc'n (%)
C 1s 65.22
F 1s 8.70
O 1s 26.09
I7l
8CF 2 P12-8
Soln cast, 10.33 mg/ml benzene
15° takeoff angle
Element Conc'n (%)
C1s 41.13
F 1s 43.88
0 1s 14.08
Si 2p 0.91
P22-8
75° takeoff angle
Element Conc'n (%)
C 1s 57.42
F 1s 33.06
0 1s 8.71
Si 2p 0.81
Theoretical
Element Conc'n (%)
C 1s 52.38
F 1s 38.10
O 1s 9.52
Soln cast, 10 mg/ml CH^, petroleum ether rinse
15° takeoff angle
Element Conc'n (%)
C1s 61.37
F 1s 26.58
0 1s 12.05
75° takeoff angle
Element Conc'n (%)
C 1s 69.09
F 1s 19.17
0 1s 11.74
Theoretical
Element Conc'n (%)
C1s 61.54
F 1s 30.77
O 1s 7.69
10CF 2 P12-10
Spin-coated Sample (1% CHCI3 solution, 1000 rpm)
15° takeoff angle
Element Conc'n (%)
C 1s 59.89
F 1s 27.24
O 1s 12.87
75° takeoff angle
Element Conc'n (%)
C1s 61.48
F 1s 29.12
O 1s 9.40
P22-10
Soln cast, 10 mg/ml CHjCI^ petroleum ether rinse
15° takeoff angle
Element Conc'n (%)
C 1s 70.24
F1s 16.53
0 1s 13.23
15°, corrected*
Element Conc'n (%)
C 1s 65.91
F 1s 18.94
0 1s 15.16
75° takeoff angle
Element Conc'n (%)
C 1s
F 1s
O 1s
73.56
19.55
6.89
Theoretical
Element Conc'n (%)
C 1s 50.00
F 1s 41.67
O 1s 8.33
Theoretical
Element Conc'n (%)
C 1s
F 1s
O 1s
58.62
34.48
6.90
"exposed sample holder resulted in overestimate
of carbon concentration in uncorrected data
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